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Chapter 1. Introduction

1.1 General Background
Electrochemical reactions offer a special pathway to perform oxidation and
reduction reactions on organic molecules.1-2 Such redox processes are of great interest
because they provide unique pathways to useful products while avoiding the use of
stoichiometric amounts of oxidants or reductants. In this way, electrochemical
reactions can circumvent some of the pitfalls associated with conventional chemicalreagent based redox reactions. In this dissertation, several electrochemical methods
are forwarded in an effort to highlight and expand the utility of the approach as a tool
for organic synthesis.
The electrochemical reactions explored in our studies are performed through a
galvanostatic process, which is also known as constant current electrolysis. The setups
are simple in that a constant current reaction only needs two electrodes to be
connected to the power source. A galvanostat is used to monitor and adjust the current
that flows between the two electrodes. In such a reaction, the working potential at the
electrode adjusts to the substrates in solution. For an anodic oxidation process, the
working potential of anode climbs in a positive direction until it matches the substrate
in solution that has the lowest oxidation potential. The working potential at the anode
then remains at that value until the majority of the most easily oxidized species is
consumed. At that point, the potential at the anode will climb until it reaches the
potential associated with the group having the next highest potential in solution. If the
-1-

current density of the reaction is kept low, a greater than 90% conversion of the initial
substrate can be obtained before this climb in potential occurs.

Figure 1-1. Potential change in galvanostatic process

Electrolysis reactions are carried out in an "electrochemical cell". The cells can be
divided in that they separate the anode from the cathode or undivided in that they
allow the anode and cathodic components of the reaction to interact freely. For a
laboratory scale preparative reaction, a three neck round bottom flask can serve as an
effective undivided cell. It allows for the electrodes used to introduced into the
reaction with the aid of thermometer adaptors. The result is a sealed system than can
be placed under inert atmosphere and monitored using traditional chemical synthesis
methods. While this setup is convenient, there are scenarios where the oxidation and
reduction processes fail to coexist in a single homogeneous phase. Either the
intermediates interact with each other or a starting material or product reduces or
oxidizes at the counter electrode. Such reactions require the use of a divided cell that
consists of two chambers separated by semipermeable materials such as a membrane
or glass frit. This stops the free diffusion of reagents from one chamber to the other
-2-

within the reaction time scale while still allowing for ions (the electrolyte specifically)
to migrate between the chambers. Ion migration is driven by potential differences that
serve to balance charges in the two halves of the divided cell.

1.2 Anodic Olefin Oxidations
Electrochemical pathways often generate novel intermediates or transition states
that are otherwise difficult to form. For instance, anodic oxidation is one of the few
possible ways to systematically generate radical cation species from a variety of
olefins, a situation that allowed for the development of new annulation strategies.3-4A
large effort has been put for the to probe radical cation initiated oxidative cyclization
reactions in which the radical cation species generated from an electron-rich
nucleophile is attacked by another electron rich nucleophile. The general mechanism
of such oxidative processes is illustrated below in Scheme 1-1. The reaction is
initialized with the removal of an electron from the olefin at the anode of an
electrolysis reaction. An electrophilic radical cation intermediate is generated. So, the
reaction converts an electron rich nucleophile into an electron deficient electrophile, a
transformation known as an umpolung reaction. The reversal of olefin functional
polarity allows a second nucleophile, usually another olefin, aromatic ring, to trap the
radical cation to generate a new bond. The intramolecular bond formation results in
the formation of a new carbocyclic or heterocyclic ring system. Following the
cyclization, a second electron is removed at the anode leading to a cation that is
trapped by another nucleophile (usually methanol solvent) to terminate the oxidation.
-3-

Methanol is typically used for this role because it leads to a simpler NMR spectrum
for characterization of the product.

Scheme 1-1. General mechanism for oxidative olefin process

Several examples of anodic coupling reactions explored in Moeller group are
shown below in Scheme 1-2.5-7 In each case shown, the reaction was initiated by the
removal of an electron from an electron-rich olefin. The radical cation was then
trapped by a number of nucleophiles such as the furan, alcohol, and sulfonamide
shown in the Scheme. In each case, the coupling of the two nucleophiles allowed for
the formation of a ring from two nucleophiles, a connection that would not typically
be considered using a traditional method for dissecting the product.

Scheme 1-2. Examples of anodic olefin oxidation

-4-

In order to further advance these types of reactions, part of this dissertation
(Chapter 5) records efforts on exploring bond formation between an olefin and an
electron deficient nitrogen group as part of an attempt to accomplish an anodic
cascade reaction and construct the tricyclic ring systems (Scheme 1-3) found in the
chrysosporazine family of natural products. This idea was inspired by several
successful nitrogen cyclization cases reported recently, but in each of those cases the
substrates required a substitution pattern not consistent with the desired natural
product synthesis. So, could we overcome those hurdles? As we will discuss in
Chapter 5, each step of the oxidation turned out to be challenging leading to a focus
on the formation of the first ring and first oxidation step. The lessons learned have
helped us identify the key challenge that will need to be solved and a potential
strategy for solving it.

-5-

Scheme 1-3. Proposed electron deficient anodic annulation

1.3 Paired Electrochemistry
While electrochemistry is frequently considered an environmentally friendly
process from an atom economy point of view (no need for a chemical oxidant or
reductant other than hydrogen or water), most electrochemical reactions only take
advantage of half of the energy utilized in that the product generated at the required
auxiliary electrode is simply ignored and discarded. In all electrochemical processes,
two electron transfer reactions (one oxidation and one reduction) are coupled
according to the law of electron-neutrality. This is true for all oxidation and reduction
reactions. For every stoichiometric oxidation reaction there must be a stoichiometric
reduction reaction and visa versa. There is an energy cost for both of these reactions.
The total energy requirement for an electrolysis system is shown in Figure 1-2. The
negative potentials are plotted as being positive and to the right and the positive
potential negative and to the left in analogy to the tradition established in early
polarographic studies. This means that the energy barrier corresponding to the anodic
-6-

reaction is down to the left and the energy barrier corresponding to the cathodic
reaction is up to the right. The overall energy defined by the sum of the two barriers
plus any cell resistance represents the minimum energy needed for the reaction to run.
By focusing on just one of the processes to generate a product of interest, half the
energy is lost. So while most electroorganic reactions are atom economical they are
not energy economical because they seldom look at the redox reaction as a whole
picture. In the case of our group, the cathodic reduction of methanol to form
methoxide and hydrogen gas in almost every reaction developed to date has simply
been ignored other than the methoxide generated is needed to trap cations generated at
the anode. The hydrogen was discarded. In this way, we also optimized the atom
economy of the reactions while ignoring the energy economy of the reactions.
Although electricity is an inexpensive energy source, throwing away a product
generated at the auxiliary electrode does miss an opportunity to take full advantage of
the energy used in an electrolysis.

Figure 1-2. The energetics of an electrolysis reaction.

Reduction potential
Total CellVoltage Required

Cell Resistance

Oxidation potential

-7-

These observations led to the development of paired electrochemical reactions
that seek to take advantage of both electrode processes (chapter 2 is a short review of
recently developed paired electrochemical reactions). But even with these
developments, paired electrochemical reactions are still mainly relegated to special
matched sets of reactions. This need not be the case. In a constant-current electrolysis,
the working potentials of both electrodes automatically adjust to the potentials of the
redox substrates in solution (see the discussion above, Figure 1-1). Hence, in principle
any oxidation reaction can be paired with any reduction reaction as long as there is
enough energy to overcome the barrier outlined in Figure 1-2. With this in mind, we
considered coupling a specific oxidation reaction of interest with the generation of a
chemical reagent at the cathode that could be used for other steps within a synthetic
sequence. In this way, an oxidation reaction in a synthetic sequence could be used as a
tool for making other steps in the sequence more sustainable. After all, if a reagent is
made on site, then the cost purchasing and transporting the reagents can be avoided.
Details of designing and optimizing paired electrolysis systems along these lines are
discussed in chapters 3 and 4.

1.4 Electrochemical Reaction of Nitroso Moiety to Afford Hydrazine
Last but not least, in chapter 6, a successful methodology study is described on
electrochemical nitroso reduction to produce benzazepine hydrazine compounds that
are considered as potential analgesic candidates. The conventional pathway to afford
such types of molecules is presented in Scheme 1-4. This is a rather interesting detour
-8-

to our typical focus on oxidation reactions that was brought to us by a collaborator
(Dr. Raghavan Rajagopalan). In the end, the discoveries did play a role in our
development of paired electrolysis reactions as well as in providing a solution to the
specific problem in hand.

Scheme 1-4. Reduction pathway to produce benzazepine hydrazine.

The key problem being faces was that the vigorous zinc powder reduction needed
to make the hydrazine derivative usually gave rise to nitrogen-nitrogen bond cleavage
affording an amine side product (Scheme 1-4). Yields of target hydrazine products are
usually reported less than 30 %. Therefore, a potentially more controllable
electrochemical reductive process was of great interest to replace use of Zn. In so
doing, an electron is donated directly from the cathode to the substrate. The rate of
this process can be varied by controlling the current used in a galvanostatic process.
This proved to be successful as will be discussed below.
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Chapter 2. Introduction to Organic Paired Electrolysis
This chapter is adapted with permission from Wu. T.; Moeller, K. D.
Electrochemistry in Organic Synthesis, Chapter 15, Paired Electrolysis. Science of
Synthesis Reference Library. Copyright © 2022 Georg Thieme Verlag KG, Stuttgart,
Germany.
2.1 General Background
Until recently, the adoption of electrochemical methods by the larger synthetic
community could optimistically be described as making slow, steady progress.1-4
However, many in the synthetic community have now embraced electrochemical
methods, and new electrochemical transformations are being reported at an
impressive rate.5-18 These transformations take advantage of the opportunities
electrochemistry provides for both initiating unique synthetic transformations and
conducting more traditional transformations in sustainable ways. At the center of this
statement rests the fact that all stoichiometric oxidation reactions require a
stoichiometric reduction reaction and all stoichiometric reduction reactions require a
stoichiometric oxidation reaction. Hence any desired oxidation or reduction reaction
requires a second stoichiometric product. If one uses a chemical reagent to conduct
the oxidation or reduction, then the second stoichiometric product is typically derived
from this reagent. A stoichiometric oxidation using a Cr-based oxidant leads to a Crbased waste product, etc. Electrochemistry simplifies this situation by using electrons
as the stoichiometric oxidant or reductant and then channeling the associated counter
reaction toward the formation of something more benign. The counter reaction for an
- 12 -

oxidation at an anode is channeled toward the formation of hydrogen gas at the
cathode. The counter reaction for a reduction at the cathode is channeled toward the
formation of oxygen, the generation of a halogen, or the generation of Mg, Zn, or Alsalts at the anode. It is the formation of these less intrusive stoichiometric byproducts
that makes electrochemistry a more “environmentally friendly” alternative to more
traditional, reagent-based methods.5
This analysis is focused on electrochemistry as a method to optimize the atomeconomy of a reaction. It ignores the idea of energy economy. This is common. The
discussion of very few electrochemical reactions takes into account the whole picture
of the electrolysis process. Electrochemical reactions are the result of two halfreactions, one at the anode and one at the cathode. One of those reactions is
considered the working reaction and forms a product of interest. The second is the
"auxiliary reaction" that provides the benign side-product mentioned above. Both half
reactions require energy. Consider the diagram illustrated in Figure 2-1 that shows the
total energy required to run an electrolysis cell.6 That energy is the sum of the voltage
required at the anode, the voltage required at the cathode, and the voltage needed to
overcome any inherent resistance in the cell. For a typical electrolysis reaction, either
the energy required at the cathode or the energy required at the anode is simply
thrown away, and that energy has an environmental impact.

- 13 -

Figure 2-1. The energetics of an electrolysis reaction.

Reduction potential
Total CellVoltage Required

Cell Resistance

Oxidation potential

An ideal electrochemical reaction would not throw this energy away. It would
both utilize the auxiliary reaction to make a second product of interest and minimize
the energy associated with the cell resistance.7-8 This desire to take better advantage of
both electrodes in an electrochemical process led to the development of paired
electrolyses.5,9,10 In a paired electrolysis reaction, both the cathode and the anode are
used to make useful products. One of the early, frequently cited discussions of paired
electrochemical reactions was provided by Baizer in the 1970s,11 but the use of paired
electrolysis can be traced back to a much earlier era with the development of the
chloralkali process in 19th century (Scheme 2-1).12 In the chloralkali process, current
is passed through a cell charged with an aqueous sodium chloride solution. The
reaction uses a divided cell separated by a nafion 117 cation exchange membrane and
equipped with a stainless-steel cathode and a dimensionally stable anode for chlorine
generation. The reaction at the cathode reduces water to form hydrogen gas and two
equivalents of sodium hydroxide (a two-electron reduction) while the reaction at the
anode generates chlorine gas by the oxidation of two equivalents of chloride (a twoelectron oxidation). Both processes generate a value-added product, and the reaction
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remains a large-scale commercial success.12

Scheme 2-1. The Chloroalkali process.

An early example of a paired electrolysis reaction using organic substrates was
provided by the Baizer group at Monsanto (Scheme 2-2).11 This process paired two
electrochemical dimerization reactions. At the cathode (graphite), an
electrohydrodimerization was conducted between two acrylate substrates. The acid
required to protonate the enolates generated from this cathodic reaction was a malonic
ester. At the anode, the malonate anions generated by this protonation step were
dimerized using iodine as a mediator. The reaction was run in an undivided cell and
led to a 95% yield of the products with a 60% current efficiency. This early example
of a paired electrolysis coupled the generation of a dimer 2-1 at the cathode with the
generation of a chemical reagent at the anode; a strategy that we will have more to say
about later in Chapter 3.
Since the advent of these early paired electrolysis reactions, a significant number
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of additional examples have been reported. These reactions are classified by the
nature of the products generated and the role that the two electrodes play in their
generation. In the review that follows, we will provide an overview of each
classification used to describe the reactions and then highlight selected examples that
illustrate the method. Those examples will focus on recent additions to the literature.
Reviews of the earlier literature could be found in references 5, 9, and 10.

Scheme 2-2. A paired electrochemical process for generating organic dimers.
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2.2 Parallel Paired Electrochemistry
In a parallel paired electrochemical process, different starting materials are
consumed at the anode and the cathode to yield value added products without any
direct communication between the two half reactions. Despite such reactions being
described as having two “independent” process, ion transport between the electrodes
inevitably occurs in the cell, and chemical reactions do occur between species that are
derived from the anode and the cathode. These reactions are driven by the charge
balance needed in the electrolysis cell. A typical example of this situation is the acidbase neutralization reaction that occurs in many electrolysis cells. In these cases,
protons that result from an oxidation at the anode are trapped by either a Brønsted or
Lewis base that is derived from the cathodic half reaction. While this acid-base
reaction is frequently ignored in an electrolysis reaction, it is important for
maintaining the neutrality of the reaction. Chemical reactions driven by charge
balance in an electrolysis process are not always acid-base reactions. For example, in
the choro-alkali process the counterion for the hydroxide formed at the cathode is the
sodium from the sodium chloride substrate consumed at the anode (Scheme 2-1).
The chloro-alkali process is the largest scale parallel paired electrolysis reaction
performed to date. Its success as a large-scale commercial process provided an early
illustration of how a parallel paired electrolysis could be used as a tool for chemical
production. Another industrial process in this category pairs the oxidation of tbutyltoluene 2-4 with the reduction of phthalic acid dimethyl ester 2-3 (Scheme 23).13 The two reactions were conducted in an undivided cell. The process was scaled
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to an industrial-level by BASF SE in late 1990's to afford dimethylacetal tbutylbenzaldehyde 2-6 and phthalide 2-5 respectively.14 At the anode, the reaction
affords a radical cation that undergoes elimination of a proton from the benzylic
carbon, a second oxidation and then trapping with methanol. The process is repeated
leading to dimethoxy acetal 2-6. Overall, four electrons were removed from the
substrate and four equivalents of protons are generated. Meanwhile, a Birch-type
reduction of the dimethyl phthalate at the cathode leads to a radical anion that then
eliminates methoxide to generate a radical intermediate that is then reduced and
protonated to form an aldehyde. A second reduction of the aryl aldehyde leads to a
benzylic alcohol that cyclizes with the second methyl ester in the molecule to form
lactone 2-5. The net reaction at the cathode was a four-electron reduction that
consumed the four equivalents of protons generated at the anode. In this way, the
reaction fits in well with the common acid-base balancing of charges in an electrolysis
that keeps the overall transformation neutral. Using this process, more than 4000
metric tons of 2-6 and 2-5 are generated each year.

Scheme 2-3. The BASF SE process.
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2.3 Divergent Paired Electrolysis
In a divergent paired electrolysis, the two half reactions both utilize the same
starting materials but convert it into two different products. The reaction takes
advantage of molecules that either have atoms that can support multiple oxidation
states or different functional groups that can be either oxidized or reduced. An
example of such a process is shown in Scheme 2-4.15 In this reaction developed by the
Zhao group,

Scheme 2-4. A divergent reaction of L-cystine dimer.

L-cystine 2-7 is converted into L-cysteic acid 2-8 at the anode and L-cysteine 2-9
at the cathode. Both processes employed a graphite electrode. The reaction was run in
a divided cell with cystine being added to both chambers. For the reduction, protons
were included to trap the anions generated. For the oxidation, oxygen donors were
added in order to trap the cations generated. For the anodic reaction hydrobromic acid
was used as a mediator. The anodic reaction required 10 F/mol of charge for full
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conversion of the substrate, while the cathodic reaction required only 2F/mole based
on the cystine substrate. Hence, the reaction required five times the amount of
substrate in the cathodic compartment. Both products were generated in greater than
90% yield based on the starting material consumed.
Another example of a divergent paired electrolysis involved the electrolysis of
glucose (Scheme 2-5).16 In this case, the aldehyde in the natural sugar was viewed as
having an intermediate oxidation state between that of an alcohol and an acid.
Accordingly, the paired electrolysis reaction generated sorbitol 2-10 at the cathode
and gluconate 2-11 at the anode in a transformation that can be viewed as a nonspontaneous disproportionation reaction. The electrochemical potential served as the
driving force for the process. The cathodic process involved the deposition of
hydrogen gas onto a Raney Ni-powder cathode followed by reduction of the aldehyde
via the standard Ni-catalyzed chemistry. The anodic process oxidized bromide to form
HOBr which then oxidized the hydrate of the aldehyde. While the chemistry worked
nicely, it should be noted that divergent paired electrolysis of this type are limited by
the small number of molecules that are both compatible with the net
disproportionation reaction and lead to two different value-added products from that
disproportionation.
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Scheme 2-5. An electrochemistry driven disproportionation reaction.

2.4 Convergent Paired Electrochemistry
In a convergent paired electrolysis reaction, the two half reactions each contribute
to the formation of a single product. This occurs because each electrode generates a
reactive species that is either incorporated into the product or serves as a reagent
needed for the generation of the product. An example of this type of reaction is the
propylene epoxidation process developed by Girault and Belmont (Scheme 2-6).17 In
this reaction, platinum coplanar interdigitated electrodes were used to make reagents
that work in concert. Hypobromous acid was formed at the anode from the oxidation
of sodium bromide in water. The hyprobromous acid then underwent addition to the
propylene starting material to the corresponding bromohydrin that in turn underwent a
reaction with base generated at the cathode to form the desired epoxide product. The
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reaction works best in a batch mode with the electrodes located close to each other so
that the deprotonation of the molecule generated at the anode can occur close to the
cathode. Accordingly, the close proximity of the two band electrodes played an
important role in the reaction. The reaction did not work as well in a flow cell,
because flowing the electrolyte through the cell prevented the anodically generated
intermediate from reaching the cathode and led to lower current efficiencies.

Scheme 2-6. A convergent paired synthesis of propylene oxide.

In this example, the products generated were formed by sequential steps that
occurred at the anode and the cathode. The reagent generated at the cathode was not
incorporated into the final product. However, convergent paired electrochemical
reactions can also result in a combination of reactive intermediates generated at the
two electrodes.18 In the example shown in Scheme 2-7, Ishifune, Kashimura, and
coworkers used an anodic oxidation to generate a tetrahydrofuran cation and paired
the process with the cathodic generation of an alkoxide 2-12 from the reduction of an
ester. The nucleophile and electrophile underwent a reaction with each other to form a
- 22 -

cyclic acetal 2-13. The reaction benefited from the use of a magnesium cathode as
well as a catalytic amount of magnesium ion in solution which is believed to promote
reduction of the aliphatic ester. A lithium perchlorate in t-butylalcohol and THF
mixture was used as the electrolyte along with 47 kHz of ultrasound in order to
prevent passivation of the cathode by the deposition of Li-metal. It is interesting that
the reaction did not lead to addition of the methoxide generated during the reduction
to the anodically generated cation. In every example shown the larger, more
hydrophobic alkoxide was incorporated into the product.

Scheme 2-7. The paired generation of a nucleophile and electrophile.

2.5 Sequential Paired Electrochemistry
A special variation of the convergent paired electrolysis strategy involves
sequential paired electrochemical reactions. In these reactions, the product generated
at one of the electrodes is utilized as the substrate for the half reaction required at the
other electrode. Consider the example from the Waldvogel group highlighted in
Scheme 2-8.19 In this reaction, an oxime 2-14 is oxidized to a nitrile oxide 2-15 at an
anode and then passed to the cathode where is it reduced to the corresponding nitrile
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2-16. Deoxygenation on the cathodic side turns out to be the key to this reaction. The
use of a lead anode proved important for the success of the reaction.

Scheme 2-8. A sequential paired electrochemical procedure for making nitriles.

In another example of a sequential process, Ansari and Nemotallahi has
developed an electrochemical method for the electrochemical degradation of aryl nitro
compounds (Scheme 2-9).20 In this example, the cathodic reaction is used to
exhaustively reduce the nitro groups to amines. At the anode, the aryl amine is
oxidized to a quinone bis-imine derivative that then undergoes hydrolysis to form a
quinone. The quinone is decomposed to carbon dioxide and water by further
oxidation.
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Scheme 2-9. The paired electrochemical degradation of nitroaryl-pollutants.

2.6 Summary
Electrochemistry is becoming a popular and important tool for assembling and
modifying organic molecules. Much effort in the area is being appropriately focused
on opportunities for new reactivity and the opportunities that reactivity can create for
the generation of new catalysts and the formation of new bonds. The work takes
advantage of increasingly available electrochemical methods that involve standard
equipment and protocols. Yet while major advances are being made in an impressive
fashion, there remains much about electrochemistry that is still not being fully
exploited. Those features of electrochemistry have the potential to offer new
opportunities for building molecules in even more innovative and sustainable ways.
While most efforts to develop electrochemical reactions focus on the optimization of a
desired process at a working electrode, all electrochemical reactions involve two such
processes. There is an argument to be made that we should not be content to use only
part of that equation. An electrochemical reaction that has been optimized for a
particular transformation at the working electrode can also be used to improve the
sustainability of other transformations by taking advantage of the energy required at
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the auxiliary electrode. Efforts to do so fall into two broad categories. In the first, the
reactions are both utilized to form specific products of interest in a matched set of
reactions. From an electrochemical standpoint, such matched pairs can be ideal and
then have provided examples of how paired electrochemical reactions can be
commercialized and utilized. Meanwhile, the energy at the counter electrode is used
to make a chemical reagent which can be used for the specific electrochemical
reaction being developed or remotely for a reaction that is not of an electrochemical
origin at all. Both categories provide opportunities for the future deployment of
electrochemical methods for synthetic gain, and hopefully the development of paired
electrochemical reactions will share in the modern drive to capitalize on
electrochemical methods as it continues to expand and grow.
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Chapter 3. Paired Electrochemical Reactions and the On-Site
Generation of a Chemical Reagent
This chapter is adapted with permission from Wu, T.; Nguyen, B. H.; Daugherty,
M. C.; Moeller, K. D. Angew. Chem. Int. Ed. 2019, 58, 3562-3565. Copyright 2019,
Wiley-VCH GmbH & Co. KGaA, Weinheim.

3.1 Introduction
While the majority of reported paired electrochemical reactions involve carefully
matched cathodic and anodic reactions, the precise matching of half reactions in an
electrolysis cell is not generally necessary. During a constant current electrolysis
almost any oxidation and reduction reactions can be paired, and in the presented work
we capitalize on this observation by examining the coupling of anodic oxidation
reactions with the production of hydrogen gas for use as a reagent in remote, Pdcatalyzed hydrogenation and hydrogenolysis reactions. To this end, an alcohol
oxidation, an oxidative condensation, intramolecular anodic olefin coupling reactions,
an amide oxidation, and a mediated oxidation were all shown to be compatible with
the generation and use of hydrogen gas at the cathode. This pairing of an electrolysis
reaction with the production of a chemical reagent or substrate has the potential to
greatly expand the use of more energy efficient paired electrochemical reactions.
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3.2 Background
As mentioned in chapter 2, paired electrochemical reactions that produce
desirable products at both the anode and cathode are frequently used as a method for
optimizing the energy efficiency of oxidation and reduction reactions, and there are
outstanding examples of their utility. Many other efforts have been forwarded as well,
particularly in the general area of energy conversion.1-9 However, as impressive as
these examples of paired electrochemical reactions are, the technique has not been
adopted by the synthetic community at large. A number of factors contribute to this
situation. These factors range from little need to consider the energy efficiency of
synthetic methods conducted in an academic laboratory setting to the impression that
paired electrochemical reactions require “carefully matched” oxidation and reduction
reactions and hence have limited generality in terms of the range of products that can
be made. With respect to the first point, academic chemists are becoming increasingly
aware of the need for more sustainable synthetic methods and strategies. In that
context, it makes sense to examine methods that meet the challenge from both a
perspective of atom and energy economy. Paired electrolysis reactions offer just such
an opportunity. In that context, the second point raised above would represent a more
significant barrier if the notion that paired electrochemical reactions require
“matched” oxidation and reduction reactions and therefore generate a limited range of
products were true. Fortunately, this perception of a paired electrolysis reaction is not
accurate. In a constant current electrolysis, the working potential at the electrodes
automatically adjusts to match that of the substrates in solution.10 In such an
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electrolysis, any oxidation reaction can in principle be paired with any reduction
reaction.
This generality offers a way to rethink how the increased sustainability associated
with a paired electrochemical reaction can be implemented within a larger synthetic
scheme. Imagine the electrochemical pairing of a required oxidation or reduction
reaction with the generation of a chemical reagent or substrate needed for a second,
potentially non-electrochemical reaction. The on-site production of that chemical
reagent or substrate would allow the single electrochemical reaction used to improve
the sustainability of more than one synthetic transformation. In this chapter, we
provide a proof-of-principle experiment that illustrates how anodic oxidation
reactions that occur at different potentials, require the use of both undivided and
divided cells, and involve both direct and indirect electrochemical methods can all be
coupled to the on-site production of hydrogen gas for use in Pd-catalyzed
hydrogenation and hydrogenolysis reactions. While the chemistry here is illustrated
for the production of hydrogen gas, it is important to keep in mind that cathodic
reductions can be used to generate a wide variety of reagents and catalysts (Chapter
4).
The desire to use cathodic processes to generate chemical reagents grew out of
the chemistry shown in Scheme 3-1.11 The reaction highlighted was conducted as part
of a program to valorize synthetic building blocks derived from lignin. This effort
required a combination of both oxidation and hydrogenation reactions. The oxidation
reactions were performed electrochemically, transformations that led to the generation
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of hydrogen gas at the cathode from the reduction of methanol. At the same time, the
hydrogenation-based lignin valorization methods (Scheme 3-1) were performed using
hydrogen gas from a cylinder. The question became, why were people still buying
hydrogen gas and incurring unnecessary environmental and financial costs when we
were already producing hydrogen gas during the oxidation reactions? With this in
mind, a cannula was inserted into the headspace above an electrochemical alcohol
oxidation and the hydrogen gas generated was transferred to a flask containing the
unsaturated acid and a palladium catalyst (Figure 3-1). Both reactions led to their
respective products in good yield.

Scheme 3-1. A paired electrolysis coupling an alcohol oxidation to two one of two
reactions requiring hydrogen gas.

- 33 -

3.3 Examples of Anodic Reactions Paired with Hydrogen Reductions
Inspired by the lignin derived paired electrolysis case shown above, the work
highlighted in this chapter began by repeating the pairing of the two reactions shown
in Scheme 3-3 in order to optimize the reaction conditions and the cell design and
demonstrate the reproducibility of the method. 11. The reducibility of the reaction
depends on the quality of the seals the prevent the escape of gas from the system. It is
important that the hydrogen gas generated on the cathode does not quickly escape
from the apparatus before it can be transferred to hydrogenation reactor. This escape
of gas from the system is also consistent with the need for a large excess of the anodic
oxidation substrate relative to the hydrogenation substrate (40:1 in the original setup)
if the hydrogenation substrate is to be pushed to a near 100% conversion. The sealing
problem was largely solved by using an adapter for a glass thermometer to place the
electrodes into the flask. The adapter with the electrodes would be further sealed by
wrapping it with parafilm and carefully greasing the glass joint holding the adapter.
After injection of the solvent into the reaction vessel, the whole reaction setup could
be placed under vacuum for a short period of time to remove air from the flask and
ensure that the mainly hydrogen gas would be pushed from the electrolysis to the
cannulation. During this procedure, it was important not to place the cannula
connecting the electrochemical cell to the hydrogenation flask under the surface of the
solution in the hydrogenation reaction. In this way, any backflow of solvent from the
hydrogenation flask into the electrolysis cell could be avoided. The cannula could be
pushed beneath the surface of the hydrogenation flask once the electrolysis began to
- 34 -

produce enough hydrogen gas at the cathode.

Figure 3-1. Electrolysis coupled with hydrogen reduction apparatus

Applying all the sealing efforts listed above to minimize hydrogen loss, the
amount of the oxidation substrate needed for the paired electrolysis could be lowered
to a ratio of 2.5:1 relative to the hydrogenation substrate. In this experiment, a yield of
80% could be obtained for both 3-2 and 3-4). This led us to begin expanding the
scope of the paired electrochemical reactions, an effort that led to the alcohol
oxidation reaction being successfully paired with a Cbz deprotection reaction
(Scheme 3-2).
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Scheme 3-2. A paired electrolysis coupling an alcohol oxidation to Cbz
deprotection requiring hydrogen gas.

Following the success of the chemistry highlighted in Scheme 3-1 and 3-2, we
sought to demonstrate the premise stated above that the working potential at the
electrodes in a paired electrolysis will autonomously adjust so that any two reactions
can be coupled. To this end, a series of oxidation reactions were screened for their
compatibility with the hydrogenation and hydrogenolysis reactions. For this effort, a
simplified substrate 3-7 for the debenzylation was used for convenience. In the first of
these reactions (Scheme 3-3), the oxidative condensation of an aldehyde (also derived
from lignin)11 with a phenyl diamine was paired with the hydrogenation of a different
lignin derived building block. The reaction was used to illustrate the compatibility of
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the paired electrolysis with an oxidation reaction that is more mechanistically
complex and requires the use of a divided cell to go to completion.12 To this end, the
anode and cathode for the reaction were separated with a Naﬁon 117 membrane. The
cannula needed for the H2 transfer was placed in the head space of the cathodic
chamber. Once again, all of the reactions proceeded in high yields. The use of the
more complex oxidation reaction did not influence either reduction reaction in any
way.

Scheme 3-3. A paired oxidative condensation with hydrogen generation in a
divided cell.

The effort was continued with the reactions in shown in Scheme 3-4. The first
oxidation reaction involved the intramolecular trapping of a radical cation with an
alcohol (Scheme 3-4a). The reaction was identical to one conducted in earlier efforts
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by the group.13 The reaction was selected in order to show the generality of the
undivided cell setup used for the reaction in Scheme 3-1. As in the earlier reactions,
the oxidation was coupled to both the hydrogenation and the hydrogenolysis, and
once again, neither reduction was altered by the change in the oxidation reaction. The
oxidation reaction proceeded cleanly, but in this case the yield of the cyclization was
not optimized because that effort relies more on rapid isolation of the sensitive
product than it does the electrolysis itself.

Scheme 3-4. Paired anodic cyclization reactions.
* For these examples a 10:1 ratio of the C-glycoside substrate to the reduction
substrates was used.
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In the second reaction shown in Scheme 3-4b, the anodic oxidation was used to
generate a C-glycoside.14 This reaction was chosen for the study because it is a
challenging oxidative cyclization that requires the fast removal of a second electron
for the efficient production of product. The reaction was initially conducted in a
divided cell in spite of the fact the use of such a cell is not optimal for the generation
of C-glycoside 3-15 and known to result in lower yields of product and the formation
of polymerized side products.15 This was done in order to probe the compatibility of
the paired reduction reaction with an anodic reaction that was not optimal. What
happens to the paired reduction reaction if something goes wrong with the oxidation
reaction? The answer to this question is nothing. Even with a less efficient oxidation
reaction, the reduction proceeded smoothly as long as current was passed through the
cell.
Of course, the oxidation of substrate 3-14 could be optimized by conducting the
electrolysis in an undivided cell (data in blue). This was accomplished without any
change to the hydrogenation chemistry, a result that highlighted one of the advantages
of employing the paired electrochemical reaction to make a chemical reagent that is
used remotely. In such reactions, the oxidation and reduction reactions can be
optimized independently, a situation that makes the paired electrochemical process
very easy to implement.
The reaction highlighted in Scheme 3-4b did expose one weakness of the
experimental setup being used for this study. Due to the lack of availability of
substrate (3-14), the reactions were run on a smaller scale. This meant that a much
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smaller total volume of hydrogen gas was generated, and it was difficult to transfer
that smaller volume of hydrogen gas quantitatively to the remote flask used for either
the hydrogenation or hydrogenolysis. For this reason, the reduction reactions had to
be conducted on a smaller scale relative to the oxidation (a 10:1 ratio of the Cglycoside to the reduction substrate was employed). This issue can potentially be
resolved by either scaling the oxidation reaction in order to generate more hydrogen
gas or reengineering the current reaction setup to be more efficient with respect to the
hydrogen transfer. Neither was done as part of the current study since the reactions
had already illustrated the main point for which they were conducted.

Scheme 3-5. Paired reaction on oxidation of amide.

In scheme 3-5, an amide was oxidized and paired with two reduction reactions.
These paired electrolysis were conducted to show the versatility of the reactions with
respect to the oxidation potential of the substrate. While the previous reactions
involved a number of different substrates, the oxidation potentials required for the
reactions all fell within a relatively narrow range (ca. +1.1 to +1.4 V vs. Ag/AgCl). In
contrast, the carbamate substrate in Scheme 3-5 undergoes oxidation at a potential
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over half a volt higher (+1.95 V vs. Ag/AgCl).16 This difference did not matter. The
anodic oxidation reaction was conducted using the optimized conditions developed
previously,17 and the paired hydrogenation and hydrogenolysis (the deprotection of
phenylalanine derivative 3-5) reactions both led to high yields of product. The
working potential at the anode automatically adjusted to the higher potential needed
for oxidation of the carbamate without any influence on the paired reduction
reactions.
Finally, each of the reactions above involved the direct oxidation of a substrate at
the anode. This is not a requirement. In the reaction highlighted in Scheme 3-6,
electrochemically generated “I+” was used as a mediator to functionalize the carbon
alpha to a carbonyl.18 The oxidation involves the iodination of an enol in the presence
of a nucleophilic amine. This results in a net amination of the targeted carbon; a
transformation that cannot be accomplished with the use of a direct oxidation because
such a process would lead to oxidation of the amine. The added complexity of the
indirect electrolysis did not interfere with either the hydrogenation or hydrogenolysis
reaction using the hydrogen generated at the cathode. In this case the oxidation
reaction occurred at a potential of only +0.31 V vs Ag/AgCl. When compared to the
amide oxidation, the paired electrolysis reactions have been shown compatible with
oxidation substrates that differ by over 1.6 V in energy. Clearly, any oxidation
reaction can be used to drive the reduction chemistry.
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Scheme 3-6. The use of an indirect oxidation reaction in paired processes.

3.4 Summary and Conclusions
To be clear, we are not suggesting that electrochemistry is the best way to access
the hydrogen gas needed for an isolated synthetic transformation. Instead, we are
suggesting that many of the common oxidation reactions we utilize on a routine basis
can be viewed in the larger context of an overall synthetic effort. If one needs to
conduct a hydrogenation or hydrogenolysis reaction in a synthetic sequence and they
are already conducting a larger scale oxidation reaction elsewhere in the lab, then it is
a better idea to use that specific oxidation reaction as an on-site source of hydrogen
gas and avoid the cost and energy required for the purchase and shipping of hydrogen
gas made at a remote location.
Finally, it is important to note that the paired electrolysis reactions illustrated
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above represent ideal examples. The reduction of protons to generate hydrogen gas is
an extremely efficient cathodic reaction. For that reason, it is the half reaction selected
as the counter reaction for the vast majority of anodic oxidation reactions reported in
the literature. However, cathodic reactions are not restricted to the production of
hydrogen gas. Cathodes can be used to make bases, nucleophiles, radical anions,
radicals, transition metal reagents, etc.2,4,11 So, an anodic reaction can in principle be
paired with the generation of a variety of chemical reagents and synthetic
transformations. For example, the oxidative condensation reaction shown in Scheme
3-2 has been paired with the production of carbon monoxide.10 Efforts to further
expand the reactions along these lines will be discussed in Chapter 4..

3.5 Experiment Details
3.5.1 General Procedure for the Hydrogenation Reactions Performed
The paired electrolysis reported typically employed a ratio of the anodic
oxidation substrate to the hydrogenation or hydrogenolysis substrate of 2.5:1. The
excess of the oxidant was used because the hydrogen gas generated at the cathode
could not be quantitatively transferred to the hydrogenation reaction flask (some gas
filled the headspace above the electrolysis reaction, etc.). The sealing skills are fully
discussed at the beginning of section 3.3. So, for 3 mmol of the anodic oxidation
substrate in three-neck round bottle, 1.2 mmol of hydrogenation substrate was placed
in an adjoining 25 mL flask. After addition of 0.2 g palladium on carbon (Pd/C) under
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argon, the 25 mL flask was connected to the electrolysis setup with a cannula. The
whole reaction system was evacuated and then purged with Ar. For the hydrogenation
flask, 8 mL of a 1:1 mixture of MeOH:EtOAc was injected (details for the electrolysis
will be provided in connection with the specific cases since the oxidation reactions
vary). After the electrolysis was complete, an argon balloon was plugged into the
electrolysis flask to drive as much hydrogen generated at the cathode as possible to
the hydrogenation flask. The hydrogenation mixture was stirred for an additional 3-4
hours. The Pd/C solution was filtered through Celite, washed with EtOAc (MeOH in
the phenylaniline deprotection case) and concentrated in vacuo. The crude reduction
product was purified through silica gel chromatography. The products were
characterized by proton NMR and compared with the known literature data.
3-Phenylpropionic acid: 1H-NMR (300 MHz, CDCl3) δ =11.64 (br, 1H), 7.23-7.36 (m,
5H), 2.99 (t, J = 7.8 Hz, 2H), 2.71 (t, J = 7.8 Hz, 2H)
Veratryl alcohol: 1H-NMR(300 MHz, CDCl3) δ =6.83-6.93 (m, 3H), 4.52 (s, 2H),
3.87-3.89 (two s, 6H),1.70 (1H, s, 1H).
Phenylalanine characterization fit the commercially available compound.

3.5.2 Oxidation Reactions
3,4-Methoxybenzaldehyde (3-2)
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Veratryl alcohol (0.44 mL, 3 mmol), 2,6-lutidine (1.75 mL, 15 mmol), and 0.1 M
LiClO4 were added to a 50 mL 3-neck round-bottom flask fit with a retriculated
vitreous carbon (RVC) anode and Pt cathode (both were placed into the flask using
thermometer adapters). After connecting this electrolysis setup to the hydrogenation
flask with a cannula, the whole reaction system was first evacuated under reduced
pressure and then filled with argon. A 1:1 mixture (30 mL) of THF:MeOH solvent
was injected into the electrolysis setup. The setup for the hydrogenation procedure
can be found in the previous experimental. After 2.2 F/mol was passed through the 3neck round-bottom flask at 25 mA of current, the electrolysis solution was diluted
with dichloromethane and washed with 1 M HCl. The aqueous solution was further
extracted by dichloromethane and all the organic layers were combined and dried with
MgSO4, filtered, and concentrated in vacuo. The crude oxidation product was then
purified through silica gel chromatography (ethyl acetate:hexane = 1:4). The H-NMR
matched the previously reported data.11 1H NMR (CDCl3, 300 MHz): δ 9.86 (s, 1H),
7.46 (dd, J1 = 1.85 Hz, J2 = 8.17 Hz, 1H), 7.41 (d, J = 1.85 Hz, 1H), 6.98 (d, J = 8.17
Hz, 1H), 3.97 (s, 3H), 3.94 (s, 3H).
2-(3,4,5-Trimethoxyphenyl)benzo[d]thiazole(3-11)

The oxidative condensation was conducted in a divided cell with the two
chambers being separated by an activated Nafion 117 membrane. RVC and Pt were
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used as anode and cathode respectively. 2-Aminothiophenol (0.33 mL, 3 mmol) and
syringaldehyde (0.65 g ,3.15 mmol) were added in the anodic chamber while LiClO4
was used in both the anodic (1.06 g, 10 mmol) and cathodic (1.06 g, 10 mmol)
chambers. The electrochemical apparatus was connected to the hydrogenation with a
cannula before evacuating the flasks under reduced pressure and then purging the
flasks with argon. The reactions were left under an argon atmosphere. A 4:1 mixture
(30 mL) of a THF:MeOH solvent was injected to the electrolysis setup. The
hydrogenation reaction was conducted as describe above in the general procedure.
Following the setup, 2.1 F/mol of charge was passed through the cell with a current of
25 mA. After removal of solvent in vacuo, the crude mixture was purified via silica
gel chromatography (ethyl acetate:hexane = 1:10). The spectral data obtained matched
that previously reported.12 1H NMR (CDCl3, 300 MHz): δ 8.06 (d, J = 7.73Hz, 1H),
7.90 (d, J = 7.66Hz, 1H), 7.50 (m, 1H), 7.38 (m, 1H), 7.30 (s, 2H), 3.99 (s, 6H), 3.93
(s, 3H).
2-Dimethoxymethyl-3-methyltetrahydrofuran (3-13)

Tetraethyl ammonium p-toluene sulfonate (1.16 g, 3.8 mmol) and the enol ether
substrate (0.39 g, 3 mmol) were placed in a three necked round bottom flask equipped
with an RVC anode and a Pt cathode. After connecting this apparatus to the
hydrogenation reaction with a cannula and purging the setup with Ar, a mixture of 10
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mL of MeOH and 23 mL of THF containing 2,6-lutidine (0.5 mL, 4 mmol) was
injected into the electrolysis flask. The hydrogenation reaction was setup up in the
manner described above in the general procedure. The reaction was electrolyzed at a
constant current of 25 mA until 2.5 F/mol of charge had been passed. The solvent was
removed in vacuo and the residue was washed with aqueous sodium bicarbonate. The
aqueous layer was extracted with dichloromethane, and then the combined organic
layers dried over MgSO4. After removal of the dichloromethane, the crude product
was chromatographed through silica gel using 1:4 ethyl acetate:hexanes with 1 mL%
of trimethylamine as the eluant. The 1H-NMR of the purified material matched the
previously reported data.13 1H-NMR (CDCl3, 300 MHz): δ 4.32 (d, J = 7.4Hz, 0.2H),
4.24 (d, J = 5.9Hz, 0.8H), 4.01-3.92 (m, 0.2H), 3.88-3.77 (m, 1.8H), 3.51 (t, J =
6.1Hz, 1H), 3.44-3.41 (four s, 6H), 2.41-2.31 (m, 0.2H), 2.25-2.10 (m, 0.7H), 2.152.01 (m, 1H), 1.68-1.49 (m, 1H), 1.11 (d, J = 6.7Hz, 2.4H), 1.00 (d, J = 7.1Hz, 0.6H)
1-tert-Butoxycarbonyl-2-methoxypyrrolidine(3-17)

N-Boc-pyrrolidine (0.514 g, 3 mmol) and Bu4NBF4 (0.198 g, 0.6 mmol) were
added to a 50 mL 3-neck flask fitted with a RVC anode and a Pt cathode. The system
was then connected to the hydrogenation flask with a cannula and the combined
apparatus purged with Ar. MeOH (30 mL) was injected into the electrolysis flask. The
anodic oxidation was conducted at a constant current of 25 mA until 3 F/mol of
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charge had been passed. The solvent was removed in vacuo and the residue was
purified by chromatography (1:4 ethyl acetate:hexane). The1H-NMR of the purified
material matched the previously reported data.16 1H NMR (300 MHz, CDCl3) δ 1.45
(s, 9H), 1.58 – 2.10 (m, 4H), 3.25 – 3.45 (m 2H), 5.05 – 5.15 (d, 1H).

C-Glycoside (3-15)

The substrate (0.182 g, 0.5 mmol) and LiClO4 (1.56g, 15 mmol) were added to a
25 mL 3-neck flask equipped with a Pt cathode and a RVC anode. The flask was then
connected to the previously described hydrogenation setup using a cannula and then
the entire reaction setup placed under Ar. After injecting 6 mL of methanol and 0.2
mL of n-BuLi (2.5 M in hexane) to the electrolysis flask, the hydrogen gas generated
due to the addition of n-BuLi was removed under vacuum, and then the mixture
placed under an Ar atmosphere again. The mixture was stirred and submitted to
electrolysis at a constant current of 10 mA until 2.1 F/mol was passed through the
cell. The solution was diluted with water and extracted with three portions of
dichloromethane. The combined organic layers were dried over MgSO4 and
concentrated in vacuo. The residue was purified by column chromatography on silica
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gel using 1:20 ethyl acetate: hexane as eluant to afford the anticipated products. The
1

H-NMR of the isolated products matched the previously reported data.14

β-diastereomer

1

H NMR (300 MHz, CDCl3) δ =7.23 (d, 2.3 Hz, 1H), 7.20 (d, 2.3 Hz, 1H), 6.92

(d, 3.2 Hz, 1H), 6.89 (d, 3.2 Hz, 1H), 4.95 (d, 6.2 Hz, 0.5H), 4.85 (d, 6.2 Hz, 0.5H),
4.81 (dd, 6.2, 3.8 Hz, 0.5H), 4.77 (dd, 6.2, 3.8 Hz, 0.5H), 4.36-4.27 (m, 1H), 4.24 (d,
5.0 Hz, 0.5), 4.20 (d, 4.1 Hz, 0.5H), 4.11-3.94 (m, 4H), 3.80 (s, 3H), 3.26 (s, 1.5H),
3.19 (s, 1.5H), 1.46 (s, 3H), 1.45 (s, 1.5H), 1.44 (s, 1.5H), 1.37 (s, 3H), 1.34 (s, 1.5H),
1.32 (s, 1.5H).
α-diastereomer 1

1

H NMR (300 MHz, CDCl3) δ =7.25 (d, 8.5 Hz, 2H), 6.87 (d, 8.8 Hz, 2H), 4.85

(dd, 6.0, 3.7 Hz, 1H), 4.74 (dd, 6.2, 3.5 Hz, 1H), 4.35 (d, 8.8 Hz, 1H), 4.32 (td, 6.4,
4.8 Hz, 1H), 3.95 (dd, 8.5, 6.4 Hz, 1H), 3.84 (td, 8.7, 4.7 Hz, 1H), 3.81 (s, 3H), 3.52
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(dd, 8.9, 3.7 Hz, 1H), 3.41 (dd, 6.9, 3.7 Hz, 1H), 3.23 (s, 3H), 1.52 (s, 3H), 1.38 (s,
3H), 1.32 (s, 3H), 1.31 (s, 3H).
α-diastereomer 2

1

H NMR (300 MHz, CDCl3) δ = 7.35 (d, 8.8 Hz, 2H), 6.89 (d, 8.8 Hz, 2H), 4.63

(dd, 6.1, 3.8 Hz, 1H), 4.48 (d, 9.1 Hz, 1H), 4.51-4.44 (m, 1H), 4.23-4.10 (m, 3H), 3.82
(s, 3H), 3.67 (dd, 9.1, 3.2 Hz, 1H), 3.49 (dd, 8.6, 3.7 Hz, 1H), 3.21 (s, 3H), 1.54 (s,
3H), 1.44 (s, 3H), 1.38 (s, 3H), 1.24 (s, 3H).
2-Piperidin-1-phenylpropan-1-one (3-19)

A 100 mL 3-neck flask was equipped with a Pt foil cathode and a RVC anode.
The electrodes were held in place with thermometer adaptors. Propiophenone (0.403
g, 3 mmol), piperidine (0.766 g, 9 mmol), Bu4NI (0.553 g, 1.5 mmol), and LiClO4
(0.64 g, 6 mmol) were added to the electrolysis flask before connecting the flask to
the hydrogenation reaction with a cannula. The entire reaction setup was then placed
under Ar. Acetonitrile (60 mL) was then injected into electrolysis flask. The reaction
was then electrolyzed using 25 mA of current until 4F/mol of charge was passed
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through the cell. After the electrolysis, the solvent was removed in vacuo. The I2
remaining in the crude product was removed by adding saturated aqueous Na2S2O3.
Then the product was extracted with dichloromethane, dried over MgSO4, and
concentrated in vacuo. The residue was purified by column chromatography on silica
gel using a mixture of EtOAc/Hexanes as eluent. The 1H NMR of the purified product
matched that of the known material.18
1

H NMR (CDCl3, 300 MHz): δ 1.24 (d, J = 6.9 Hz, 3H), 8.09−8.12 (m, 2H),

7.50−7.56 (m, 1H), 7.40−7.45 (m, 2H), 4.06 (q, J = 6.6 Hz, 1H), 2.48−2.58 (m, 4H),
1.51−1.56 (m, 4H), 1.37−1.42 (m, 2H).

Scheme 3-7. Synthesis of 2-Dimethoxymethyl-3-methyltetrahydrofuran
precursor (3-12).

Preparation of substrate 3-12 is available through a two-step synthesis from
alpha-methyl-butyrolactone 3-21 as shown in scheme 3-7.
3-methyltetrahydrofuran-2-ol (3-22)

A solution of lactone in dichloromethane (54.5 mmol in 50 mL) was placed into a
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flask equipped with a magnetic stir bar under Ar and cooled to -78 º C. To this
solution diisobutylaluminum hydride (DIBAL-H) (1.1 equivalent, 1.0 M in hexane, 60
mmol, 60 mL) was added dropwise over a period of 30 minutes. The reaction was
stirred for another 40 minutes at -78 º C. The reaction was then quenched with ethyl
acetate (15 mL). After the stirring mixture was warmed to room temperature,
saturated sodium-potassium tartrate aqueous solution (~200 mL) was injected and
then the mixture was stirred until mixture was clear and transparent (3 hours). The
organic solvent was separated, and aqueous layer was washed three times with DCM.
The combined organic solution was dried over MgSO4 and the concentrated in vacuo.
The crude product was isolated through column chromatography using silica gel and
diethyl ether : hexanes = 2 : 1 as eluant to afford a 71 % yield of the lactol.
1

H NMR (300 MHz, CDCl3): cis isomer: δ 5.25 (d, J = 4.5 Hz, 1H), 3.76–3.85

(m, 2H), 2.06–2.16 (m, 1H),2.72 (br. s, 1H), 1.91–2.04 (m, 1H), 1.66–1.80 (m, 1H),
1.09 (d, J = 6.8 Hz, 3H). trans isomer: δ 5.10 (s, 1H), 4.00–4.14 (m, 2H), 3.90–3.99
(m, 1H), 2.90 (br. s, 1H), 2.15–2.28 (m, 1H),1.46–1.58 (m, 1H), 1.02 (d, J = 6.8 Hz,
3H).
5-methoxy-3-methylpent-4-en-1-ol (3-12)

To a solution of 97.2 mmol (methoxymethyl)triphenylphosphonium chloride in
THF (50 mL) at 0 º C under Ar was added dropwise n-butyllithium (2.5 M in hexane,
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97.2 mmol). The resulting deep red solution was stirred for 1 hour at 0 º C before
lactol 3-22 (38.9 mmol) in 30 mL THF was slowly injected. The resulting mixture
was left stirring at room temperature for 16 h. The reaction was then quenched with
brine. The aqueous layer was back extracted once with ethyl ether. The organic layers
were combined, dried over MgSO4, filtered, and the solvent was removed in vacuo.
The residue was chromatographed through silica gel (diethyl ether : hexanes = 1 : 1
with 1 % triethylamine) to afford a 51 % isolated yield of the electrolysis substrate. A
proton NMR of the product matched the known data.19
1

H NMR (300 MHz, CDCl3): δ 7.29-7.11 (m, 5H), 6.16 (d, J = 12.7 Hz, .75H),

5.92 (d, J = 7.1 Hz, .25H), 4.51 (dd, J = 12.6, 9.6 Hz, .75H), 4.17 (dd, J = 9.7, 6.3
Hz, .25H), 3.70-3.60 (m, 2H), 3.50 (s, .25H), 3.46 (s, .75H), 3.11-2.96 (m, OH), 2.702.57 (m, 2H), 2.40-2.29 (m, 1H), 1.83-1.67 (m, 1H), 1.50-1.21 (m, 1H).

Scheme 3-8a. Synthesis of C-glycoside precursor (3-14)
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Scheme 3-8b. Preparation of phosphonium salt 3-25

Synthesis of styrene substrate was produced by a two-step synthesis as shown in
Scheme 3-8a. Preparation of acidic silica gel and phosphonium bromide was also
discussed in the next paragraph.
6-(hydroxymethyl)tetrahydro-2H-pyran-2,3,4,5-tetraol (3-24)

H2SO4-silica gel was prepared before the synthesis of 3-24. Concentrated sulfuric
acid ( 1 mL) was added to 10 g of silica gel. To this combination was added 50 mL of
THF and the mixture was stirred for around 10 minutes before the removal of solvent
under rotary evaporator.
D-mannose (3.0 g, 16.7 mmol) and H2SO4-silica (3.7 g) were placed in a round
bottom flask together followed by the addition of 50 mL of acetone to the mixture.
The stirred suspension was refluxed for 17 h. The mixture was concentrated onto
silica gel, placed at the top of a silica gel column, and eluted with ethyl
acetate/hexanes (1:1) to afford 3. 01g (70 %) of the product as a white solid. The
proton NMR of the material matched the previously reported data for the product. 15
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1

H NMR (CDCl3): δ 6.47 (s, 1H, OH), 5.13 (s, 1H), 4.70 (dd, 1H, J = 5.9 Hz, 3.6

Hz), 4.44 (d, 1H, J = 5.9 Hz), 4.24 (q, 1H, J = 6.4 Hz, J = 5.8 Hz), 4.01 (dd, 1H, J =
6.4 Hz, 3.6 Hz), 3.96 (dd, 1H, J = 8.3 Hz, 6.4 Hz), 3.82 (dd, 1H, J = 8.3 Hz, 5.8 Hz),
1.34, 1.32, 1.26, and 1.23 (4 s, 12H).
2,2-dimethyl-1,3-dioxolan-4-yl(5-(4-methoxystyryl)-2,2-dimethyl-1,3-dioxolan-4yl)methanol (3-14)

Triphenylphosphonium salt (3-25) (15 mmol) was placed in a flask under Ar
followed by the addition of tetrahydrofuran (22 mL). The mixture was cooled in an
ice bath and stirred for 30 minutes. At that point, 15 mmol of n-butyllithium (2.5 M in
hexanes) was gradually injected into the flask in order to generate the phosphonium
ylide. The red mixture was stirred for another 30 minutes. A solution of 1.31 g 3-24 in
THF (7 mL) was then added, then the solution was allowed to warm up to room
temperature and stirring overnight. The resulting solution was quenched with water
and extracted three times with diethyl ether. The combined organic layers were dried
over MgSO4 and concentrated in vacuo. The residue was purified by column
chromatography through silica gel eluting using ethyl acetate/hexanes = 1:4 with an
additional 1 % trimethylamine as eluant. A 49% yield over of 3-14 was finally
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obtained with the spectral data again matching that of the known material.15
1

H NMR (300 MHz, CDCl3) δ 7.36 (d, J = 8.8 Hz, 1.1H), 7.14 (d, J = 8.8 Hz,

0.9H), 6.88 (d, J = 8.8 Hz, 0.55H), 6.86 (d, J = 8.8 Hz, 0.45H), 6.74 (d, J = 11.7 Hz,
0.55H), 6.65 (d, J = 15.8 Hz, 0.45H), 6.31 (dd, J = 15.8, 8.2 Hz, 0.45H), 5.90 (dd, J =
11.7, 8.8 Hz, 0.55H), 5.15 (t, J = 8.2 Hz, 0.55H), 4.87 (t, J = 7.9 Hz, 0.45H), 4.54 (d, J
= 7.6 Hz, 0.55H), 4.42 (d, J = 7.6 Hz, 0.45H), 4.11-3.95 (m, 3H), 3.82 (s, 1.65H), 3.81
(s, 1.35H), 3.51 (b), 2.27 (b), 1.56 (s, 1.35H), 1.55 (s, 1.65H), 1.44 (s, 1.65H), 1.411.32 (m, 7.35H).
((4-Methoxyphenyl)methyl)triphenylphosphonium bromide.(3-25)

((4-Methoxyphenyl)methyl)triphenylphosphonium bromide 3-25 was synthesized
from 4-methoxyl-benzylalcohol which was purchased from Aldrich. To this end, 4methoxylbenzylalcohol (100 mmol, 13.82 g) was mixed with 48 % aqueous
hydrobromic acid (12 mL) and then stirred for 1 hour. The mixture was extracted by
diethyl ether twice, the combined organic layers washed with saturated sodium
bicarbonate aqueous solution and then dried by addition of MgSO4. The crude residue
(yellow oil) was obtained after the MgSO4 was removed by filtration and the solvent
removed on a vacuum lin. The crude product was directly used in the subsequent
reaction without further purification.
The crude 4-methoxyl-benzylbromide generated above (17.34 g, around 100
mmol) and 26.3 g triphenylphosphine (110 mmol) was dissolved in 70 mL toluene.
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The solution was refluxed overnight, and the white powder was collected by vacuum
filtration. The white filter cake was washed with hexanes and was dried to afford
corresponding phosphonium salt 3-25 in 71 % yield. The filtrate was able to be
recycled and reused to further generation of more phosphonium salt.
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Chapter 4. Organic Electrochemistry: Expanding the Scope of Paired
Reactions
This chapter is adapted with permission from Wu, T.; Moeller, K. D. Angew.
Chem. Int. Ed. 2021, 60, 12883-12890. Copyright 2021, Wiley-VCH GmbH.

4.1 Introduction
As mentioned in the last chapters, paired electrochemical reactions offer an
exciting opportunity to optimize both the atom and energy economy of oxidation and
reduction reactions. In a constant current electrolysis, the potential at both electrodes
will adjust to the substrates in solution. So theoretical speaking, any oxidation
reaction can be potentially paired with any reduction reaction. In the previous chapter,
we verified this hypothesis by showing how various oxidation reactions conducted on
the anodic side of the electrolysis could be coupled with the generation and use of
hydrogen gas at the cathode. Changes at the anode did not influence the cathodic
process. In this chapter, we reverse the situation and complete the picture by showing
how reactions at the cathode can be paired with anodic oxidation reactions without
adversely affecting the anodic process.

4.2 Background
As discussed in chapter 3, paired electrochemistry can be used to maximize the
energy and atom efficiency of an electrolysis by preparing value added target products
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simultaneously at both the anode and cathode. In the work conducted, the anodic
oxidation reactions were paired with the production of hydrogen gas at the cathode
that was then employed as a substrate in subsequent transformations. While this work
was successful, it in many ways was the easiest possible demonstration of the
technique. The cathodic process was just a hydrogen evolution reaction. This is the
most common cathodic reaction paired with almost any anodic oxidation reaction.
Hence, we just took advantage of the simplest example possible. In this chapter, we
expand the scope of both anodic and cathodic reactions to more completely illustrate
the flexibility and complementarity of paired electrochemical process.

4.3 Variation of Anodic and Cathodic Reactions
Many of the most successful cathodic reactions are paired with the use of a
sacrificial anode. Sacrificial anodes are metals like Zn, Mg, or Al that give up
electrons and lose ions into solution. The question for a paired electrolysis is can the
use of such an electrode be replaced eaily with an oxidation reaction found elsewhere
in a synthetic sequence. The is potentially problematic because the sacrificial anode is
frequently used to avoid the use of an oxidation that generates protons at the anode
and thereby reduce the chance for a competitive hydrogen evolution reaction at the
cathode. While the answer to these questions was unknown, the potential reward for
developing a broader range of paired electrolyses was enticing. Cathodes can be used
to generate bases, produce reactive anions and radical anions, synthesize syn gas from
carbon dioxide, reduce waste products, recycle transition metals, trigger reductive
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coupling reactions, etc.1-3

Scheme 4-1. Two step sequences involving an anodic oxidation reaction.

With this versatility, it is tempting to suggest that an oxidation reaction in a
synthetic sequence might be used to improve the sustainability of a wide variety of
reactions by using the energy required by the cathodic reaction in creative ways.
Consider the two reactions shown in Scheme 4-1. In both cases, the sequence shown
involves both an oxidation reaction and a Wittig reaction. In each case, the oxidation
reaction can be accomplished at an anode, and both reactions have been paired with
the hydrogen evolution reaction. In addition, the anodic oxidation of the alcohol has
also been paired with the reduction of carbon dioxide.4 However, in both cases the
two-step sequence shown also generates triphenylphosphine oxide as a waste product.
Is it possible to use the energy required at the cathode during the anodic oxidation to
recycle that waste product? This is especially intriguing because such a suggestion
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would not be limited to examples like the two shown where the two-step oxidationWittig sequence is sequential. In principle, any synthetic effort with both an oxidation
reaction and a Wittig reaction anywhere in the sequence would offer the same
possibility of improving the sustainability of the two processes by simply taking
advantage of the energy already being employed to accomplish the oxidation reaction.
While a paired electrolysis of this type is easy to suggest, the electrochemical
reduction of triphenylphosphine oxide is not so readily paired with the oxidation of an
organic molecule.5-6 The reactions typically take advantage of a sacrificial anode in
order to avoid the generation of protons at an anode, avoid the use of a protic solvent,
and take advantage of an activating group that lowers the reduction potential of the
triphenylphosphine oxide. All three aspects of the reaction are used to avoid the
hydrogen evolution reaction that competes with the reduction of triphenylphosphine
oxide. So, are such paired electrolysis reactions even possible?
Efforts to answer this question began by first probing how compatible the
previous paired electrochemical reactions were with changes to the cathodic process
and then expanding the scope of those reactions to include the reduction of
triphenylphosphine. The goal was to use the first effort to lay a foundation for the
second. Along these lines, the hydrogen evolution reaction employed in the earlier
paired electrolysis was initially replaced with an electrocatalytic reduction of carbon
dioxide. 4 In these cases, the electrocatalyst was used to favor the reduction carbon
dioxide over the competitive hydrogen evolution reaction. The use of the indirect
electrolysis avoided any problems associated with the generation of protons at the
- 63 -

anode. The method worked well, and the reduction of carbon dioxide could be paired
with alcohol oxidation reactions and oxidative condensation reactions. The reactions
were then used to elucidate what was needed to optimize the electrochemical
performance of such systems. While this chemistry also worked beautifully, how
many cathodic processes have been optimized to the level of the CO2-reduction
reaction? These first efforts effectively changed one ideal reduction reaction (the
hydrogen evolution reaction) in a paired electrolysis for a second ideal reduction
reaction (carbon dioxide reduction). The real challenge was to choose cathodic
reductions for the paired electrolysis that had not been so carefully optimized. To this
end, we chose to pair the oxidation of veratryl alcohol with two reductive
dimerization reactions from our labs (Scheme 4-2). The first of these reactions was an
electro-hydrodimerization reaction 3 that involved a substrate that was generated as a
byproduct from an oxidative cleavage reaction in our labs (Scheme 4-2 reaction a).
The reaction was conducted in a mixture of acetonitrile and water (4:1) with
tetrabutylammonium tetrafluoroborate (0.12 M) as the electrolyte. The reaction
utilized a lead cathode along with the RVC anode employed for oxidation of the
alcohol. Both the lead cathode and the hydrophobic electrolyte were used to reduce
the rate of the hydrogen evolution reaction in order to favor the desired electroreductive coupling reaction. Lead cathodes have a higher over-potential for the
reduction of protons,7 and the tetrabutylammonium tetrafluoroborate electrolyte was
used to form a hydrophobic double layer at the cathode surface that would serve to
lower the local concentration of water (the substrate for the hydrogen evolution
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reaction). 3,8 The reaction was carried out in a divided cell using a medium porosity
glass frit that was permeable to protons. Those protons were needed to protonate the
dimerization product and keep the cathodic chamber from becoming too basic. A 1:1
ratio of the two substrates was used. After 2.2 F/mole of charge was passed through
the cell, an 86% yield of the aldehyde was generated at the anode and a 69% yield of
the desired dimer was generated at the cathode. The oxidation reaction proceeded in a
manner directly analogous to the early reactions paired with the hydrogen evolution
reaction and the reduction of carbon dioxide.
The second reaction highlighted in Scheme 4-2 paired the alcohol oxidation
reaction with the dimerization of a nitro group. This reaction was selected because it
represents a particularly difficult challenge for the paired electrolysis. The oxidation
of an electron-rich alcohol is a two-electron process that benefits from slightly basic
conditions while the reductive dimerization of the nitro group is a six-electron process
that benefits from slightly acidic conditions. In order to achieve this compromise, the
reaction was again setup in a divided cell using acetonitrile as solvent and
tetrabutylammonium tetrafluoroborate as the electrolyte. The ratio of substrate in the
anodic chamber to substrate in the cathodic chamber was 3:1 in order to accommodate
the different stoichiometry of charge needed for the two reactions. Acetic acid was
then added to the cathodic chamber to provide protons for the reduction, and 2,6lutidine was added to the anodic chamber to maintain the basic environment needed
for the oxidation. A constant current of 25 mA was then passed through the cell until
2.2 F/mole of electricity was consumed relative to the veratryl alcohol oxidation
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substrate. The reaction afforded a 74% yield of the aldehyde oxidation product and a
61% yield of dimer at the cathode. Once again, the success of both transformations
illustrated that the cathodic process in the paired electrolysis could be varied without
significantly altering the oxidation reaction, even when that cathodic process was
significantly more complex requiring multiple steps and a difference in pH.

Scheme 4-2. Initial efforts to vary the cathodic reduction reaction.

Just like in the previous work taking advantage of the HER at the cathode, once
the cathodic reactions shown in Scheme 4-2 were established, varying the oxidation
chemistry could be done easily and had little to no effect on that chemistry. For
example, the simple alcohol oxidation in used for the paired reactions shown in
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Scheme 4-2 could be readily replaced with an anodic cyclization reaction (Scheme 43). Then working potential at the anode simply adjusted to the new substrate without
changing the chemistry occurring at the cathode. Of note, a divided cell was again
used for the reaction illustrated in Scheme 3b because of the acid sensitivity of the
enol ether substrate.

Scheme 4-3. Varying the oxidation paired with the new cathodic processes.

With that background, we turned out attention to the reactions illustrated in
Scheme 4-1. As mentioned earlier, the reduction of triphenylphosphine oxide typically
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requires both the use of an activating group for the triphenylphosphine oxide and the
use of a sacrificial anode while avoiding protic solvents in an effort to suppress a
competitive hydrogen evolution reaction.5 The reactions can be optimized
beautifully.6 For example, the Sevov group has illustrated how the cathodic reduction
of triphenylphosphine oxide to form triphenylphosphine can be paired with the use of
a sacrificial aluminum anode. In this reaction, the anodic reaction generates a Lewis
acid that then serves to activate the triphenylphosphine oxide for reduction at the
cathode. This allows the reaction to be initiated with sub-stoichiometric amounts of
activating group and leads to a process that is both efficient and scalable. While this
chemistry is outstanding, the beautiful interplay between the anodic and cathodic
processes utilized also illustrates the issues surrounding an effort that seeks to
combine the reduction of triphenylphosphine oxide with an oxidation reaction found
elsewhere in a synthetic sequence. If the electrochemical reduction of
triphenylphosphine oxide is optimized by taking full advantage of a sacrificial anode,
then how easy is it to replace that sacrificial anode with an alternative oxidation
reaction that generates protons at the anode?
To address this question, we selected for study the method developed by the
Tanaka group for the reduction of triphenylphosphine oxide (Scheme 4-4).9-10 This
reaction utilizes trimethylsilyl chloride (TMS) as the activating agent for the reduction
reaction along with a sacrificial Zn-anode. It appeared that for this electrolysis the
reduction reaction was not directly coupled to the anodic oxidation, a scenario that
would more readily allow for the sacrificial anode to be exchanged for a different
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anodic process.

Scheme 4-4. Previous triphenylphosphine oxide reduction.

The study began by examining the factors that governed product formation in the
original transformation (Scheme 4-5).

Scheme 4-5. Exploring the role of the sacrificial anode, electrolyte, and cell type
on the yield of triphenylphosphine oxide reduction.
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Entry

Cell Type

Anode

Electrolyte

Yield
Ph3P

1

Undivided

Zn

Bu4NBr

61%

2

Undivided

Zn

LiClO4

0%

3

Divided

RVC

Bu4NBr

58%

4a

Divided

RVC

Bu4NBr

56%

5

Divided

RVC

LiClO4b

32%

a) ZnCl2 was added to the cathodic compartment. b) The LiClO4 was used as the electrolyte in
the anodic compartment along with a stoichiometric amount of Bu4NBr as a substrate for the
oxidation. The electrolyte in the cathode remained Bu4NBr.

First, it was found that the electrolysis cell could be changed from a divided cell
to an undivided cell with little change to the reduction reaction (comparing entry 1 vs.
entry 3), while the electrolyte for the reaction could not be so readily altered (entry 2).
When the original bromide-based electrolyte for the reaction was exchanged for
lithium perchlorate, a dramatic drop in the yield of the triphenylphosphine product
was observed. This result suggested that the bromide ion used for the original reaction
might possibly be the substrate for the anodic oxidation. If so, the sacrificial anode
would be completely expendable. This suggestion was confirmed when the Zn-anode
was exchanged for a reticulated vitreous carbon (RVC) anode (entry 3). Using this
anode and the bromide-based electrolyte, the yield of the reaction was essentially the
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same as that obtained with the sacrificial Zn-anode. At this point, a Zn2+-salt was
added to the cathode chamber of the reaction with the RVC anode (entry 4) in order to
see if its presence would improve the reduction by serving to activate the
triphenylphosphine oxide (in analogy to the Lewis acid generated during the Sevovprocess), no change was observed in the reaction. Finally, the reaction was run with a
stoichiometric amount of the bromide substrate for the oxidation along with lithium
perchlorate as the electrolyte (entry 5). Under these conditions, a lower yield of
triphenylphosphine was obtained, a result that indicated that the efficiency of the
oxidation reaction (and hence the flow of current through the cell) was important for
the reduction of triphenylphosphine oxide.
In total, the control experiments indicated that there was no need for the
sacrificial Zn-anode in the reaction, a conclusion that was consistent with a potential
pairing of the reduction of triphenylphosphine oxide in the presence of TMSCl with a
number of different oxidation reactions as long as those reactions were efficient. For
such reactions, it was decided that the best course of action would be the use of a
divided cell in order to avoid any re-oxidation of the triphenylphosphine reduction
product at the anode.
The first organic oxidation substrate paired with the reduction of
triphenylphosphine oxide was veratryl alcohol (Scheme 4-6). The initial attempt to
complete this reaction added the alcohol to the anodic chamber of the previous
electrolysis reaction. Bromine can serve as a mediator for the oxidation of veratryl
alcohol so it was hoped that the addition of the alcohol would not alter the
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electrochemical reaction to a great extent. However, the reaction failed to produce a
measurable amount of triphenylphosphine in the cathodic chamber and the yield of
the oxidation was disappointing (Scheme 4-6, entry 1). The electrolyte used for the
reaction was varied along with the base used to scavenge the protons generated during
oxidation without any improvement in the yield of either the reduction or the
oxidation reaction. Fortunately, the was dramatically improved by a change to a zinc
cathode. Zinc has a higher hydrogen over-potential than copper. So, the success of this
reaction was consistent with protons at the anode leading to a hydrogen evolution
reaction in the initial ties to pair the two reactions. Knowing that the initial study had
indicated that the reduction of triphenylphosphine oxide benefited from an efficient
oxidation at the anode, we next optimized the oxidation of veratryl alcohol in the
paired electrolysis. This was done by going back to the original oxidation conditions
and switching the electrolyte in the reaction to tetrabutylammonium tetrafluoroborate.
The result was another significant improvement in the reaction was observed with the
anodic oxidation providing an 83% yield of the aldehyde product and the cathodic
reduction providing a 79% isolated yield of triphenylphosphine. The reaction was
notable in that the yield of the oxidation reaction was for all practical purposes the
same as that obtained in all of the other paired electrochemical reactions using
veratryl alcohol as the oxidation substrate. Clearly, with the correct cathode the scope
of the reduction reactions paired with the oxidation of veratryl alcohol could be
expanded to include the reduction of triphenylphosphine oxide. The paired
electrochemical reactions suggested in Scheme 4-1a was certainly possible.
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Scheme 4-6. The effect of changing the cathode for the reaction.

Entry

Cathode

Electrolyte

Yield
Oxid.

Yield
Red.

1

Cu

Bu4NBr

37%

0%

2

Zn

Bu4NBr

42%

50%

3

Zn

Bu4NBF4

83%

79%

Having established that we could pair veratryl alcohol oxidation with the
reduction of triphenylphosphine, we probed the reaction with less electron-rich
alcohols (Scheme 4-7). In each case, both the reduction reaction and the anodic
oxidation reactions proceeded well, except for the example that used the electron-poor
4-nitrobenzyl alcohol as a substrate for the oxidation reaction. Of course, the failure
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of the oxidation with 4-nitrobenzyl alcohol was not a surprise since the direct
oxidation reaction conducted involves the generation of a radical cation from the aryl
ring. This case was examined in order to establish the limit of the paired electrolysis
conditions developed. In principle, one could overcome this barrier with the use of a
mediator like TEMPO for the oxidation reaction since those reactions proceed
through a hydrogen atom abstraction from the benzylic carbon and not the formation
of a radical cation. However, optimization of an example used to establish the scope
of the direct electrolysis reaction seemed to be a side-track away from the continuing
to probe the versality of the paired electrolysis conditions being examined.

Scheme 4-7. Varying the alcohol paired with Ph3P=O reduction in a divided cell.

Entry

R1

R2

Yield
Oxid.

1

OMe

OMe

83%
- 74 -

Yield
Red.
79%

2

OMe

H

73%

70%

3

CH3

CH3

61%

72%

4

CH3

H

72%

66%

5

H

H

62%

70%

6

NO2

H

0%

--

Instead, we turned our attention to further expanding the generality of the paired
electrolysis by examining the second reaction highlighted in Scheme 4-1.
Unfortunately, all attempts to pair the anodic cyclization reaction with the reduction
of triphenylphosphine oxide were not successful (Scheme 4-8). While the anodic
cyclization reaction worked well, the reaction requires a significant concentration of
methanol in order to trap the cations generated by the net two-electron oxidation.11
Without the alcohol solvent, the cations generated from the cyclization reaction
undergo elimination reactions that lead to new electron-rich olefins, over-oxidation,
and the generation of complex product mixtures. Clearly, the use of methanol solvent
(like the water in the TEMPO-mediated alcohol oxidation) would not be compatible
with the use of TMSCl as an activating group for the triphenylphosphine. We had
hoped to avoid this problem by only adding the methanol to the anodic chamber of the
reaction. However, it appeared that enough of the methanol solvent added to the
anode migrated through the glass frit dividing the anode from the cathode to destroy
the trimethylsilyl chloride needed to activate the triphenylphosphine oxide. Under
every condition tried, the hydrogen evolution reaction dominated the cathodic process
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and no more than a trace of the reduced triphenylphosphine product could be
observed.

Scheme 4-8. Pairing an anodic cyclization with Ph3P=O reduction in the
presence of methanol.

While one could solve this problem by reengineering the electrolysis cell to
prevent the migration of methanol to the cathode, it is important to point out that the
overall process being pursued is less than ideal. While reactions like those in Scheme
4-6 do allow for the recycling of triphenylphosphine oxide, they do so by using a
process that consumes the activating group and generates a stoichiometric amount of a
different waste product. They essentially trade one problem for another problem. Now
that we know that the reduction of triphenylphosphine oxide does not require the use
of the sacrificial anode and can be paired with alternative chemical oxidations, the
best solution for the problem would be the development of a triphenylphosphine oxide
reduction that did not require stoichiometric activating group or the generation of any
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stoichiometric waste product. One approach to accomplish this goal would be the use
of an electrocatalyst for the reduction that would operate at a potential lower than that
required for the hydrogen evolution reaction and selectively reduce phosphine-oxygen
bonds in the presence of protons. Such a catalyst would operate in a manner directly
analogous to the mediated reduction of carbon dioxide in water.4 While the
development of a new electrocatalyst that meets this need lies outside the scope of this
particular chapter, we did want to use the paired electrochemical reactions being
studied here to establish the "ground rules" for the effort. Specifically, we hoped to
define how much lower the reduction potential for the catalyst needed to be for the
reduction to accomplish the reduction of triphenylphosphine oxide in the presence of
both methanol solvent and protons generated at the anode and determine if the
difference in potential between what would be needed for the catalyst and the
triphenylphosphine oxide was small enough for a mediated process to be successful.
In order to probe these questions, we turned our attention to a pair of electrolysis
reactions that combined an anodic oxidation reaction with the reduction of
triphenylarsine oxide. The reduction of triphenylarsine oxide can be accomplished
chemically,12 and triphenylarsine oxide is more reactive than triphenylphosphine
oxide in terms of donating its oxygen in retro Wittig reactions.13 This increased
reactivity is presumably due to the arsine oxide bond being weaker than the phosphine
oxide bond.14 This particular alternative for trphenylphosphine oxide was also
intriguing because in the long run it might provide an alternative to the phosphine
strategy suggested in Scheme 4-1b. Recently, Geary and coworkers demonstrated that
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Wittig reactions could be conducted with the use of triphenylarsine in place of the
triphenylphosphine.15-16 We hoped that the increased reactivity of the triphenylarsine
oxide might make its reduction compatible with an anodic cyclization in the presence
of the required methanol solvent and thereby provide information on the reduction
potential needed for such a process.

Scheme 4-9. Reactions using triphenylarsine oxide in place of
triphenylphosphine oxide.

To establish a baseline for making such an assessment, the reduction of
triphenylarsine oxide was initially paired with the oxidation of veratryl alcohol
- 78 -

(Scheme 4-9, equation a). In this case, the use of methanol solvent could be avoided
as it had been for the paired electrolysis reaction with triphenylphosphine oxide.
However, this was not necessary. The reaction tolerated the presence of methanol
solvent even when methanol was added directly to the cathodic chamber. No
additional activating group for the triphenylarsine oxide reduction reaction was
needed. As in the earlier reactions, a Zn-cathode was employed in order to minimize
the competing hydrogen evolution reaction, and a divided cell was used to avoid
reoxidation of the trphenylarsine product generated at the cathode. The reaction did
benefit from the oxidation reaction being conducted on a scale about three times that
of the reduction, presumably because of a background hydrogen evolution reaction
consuming some of the current at the cathode. With this caveat, both reactions
proceeded in good yield.
The fact that the reaction shown in Scheme 4-9a could tolerate the presence of
methanol solvent bode well for coupling the reduction of triphenylarsine oxide with
an anodic cyclization reaction. To this end, the reaction highlighted in Scheme 9b was
conducted. Both reactions proceeded nicely with the anodic cyclization giving rise to
the tetrahydrofuran product in the same yield as the original anodic cyclization that
was paired with the generation of hydrogen gas at the cathode and the cathodic
reduction of the triphenylarsine oxide giving rise to triphenylarsine in a yield similar
to the reaction paired with the alcohol oxidation reaction.
Insight into the success of these reactions relative to the reduction of
triphenylphosphine oxide in the presence of methanol was gained by cyclic
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voltammetry (CV)(Figures 4-2~4-4). As a baseline, the reduction potential of
triphenylphosphine oxide was measured in acetonitrile solvent at a glassy carbon
electrode (Figure 4-2) and found to be Ep/2 = -2.50 V vs. Ag/AgCl. To gain insight into
the relationship of this value to the hydrogen evolution reaction at the cathode, the CV
for the reduction of methanol is shown in red.

Figure 4-2. CV data for triphenylphosphine oxide

From the two curves, it is easy to see why the reduction of triphenylphosphine
fails in the presence of a proton source. The addition of trimethylsilyl chloride to the
reduction of triphenylphosphine oxide in acetonitrile led to a drop in potential for
Ph3P=O of approximately 800-850 mV. This shift was more than enough to allow for
the desired reduction in the presence of any protons generated at the anode in an
electrolysis. Hence the success of the reactions shown in Schemes 4-9 and 4-7. Of
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course, the presence of the methanol solvent in the reaction shown in Scheme 4-8
destroyed the TMSCl activating group and stopped the desired reduction.
When the reduction potential of triphenylarsine oxide was measured using the
same CV-conditions (Figure 4-2), the baseline potential measured for the
triphenylarsine oxide was found to be Ep/2 = -2.45 V vs. Ag/AgCl. This result was a
surprise given the success of the reaction shown in Scheme 4-8b relative to the same
reaction using triphenylphosphine oxide (Scheme 4-7). The reduction of
triphenylarsine oxide did not appear to require an activating group while the reduction
of triphenylphosphine oxide completely failed without one. How could a difference of
only 50 mV in reduction potential between triphenylarsine oxide and
triphenylphosphine oxide lead to such a dramatic difference in reaction outcome?
The key to answering this question is to note that the CV's for the two substrates
shown in Figure 4-2 were run in the absence of methanol solvent while the
preparative reactions being compared in Schemes 4-7 and 4-8b were not. This
difference is important, and a much better feeling for the difference between the two
reduction reactions was gained when the CV's were repeated in the presence of
methanol solvent. The two CV's shown in Figure 4-3 show the reduction of
triphenylphosphine oxide in the presence and absence of methanol solvent. The CV
taken in the presence of methanol used the same solvent and electrolyte conditions as
the preparative reductions. While a small shift in the reduction potential was observed
in the presence of MeOH solvent. It appeared that the reduction of the
triphenylphosphine might help catalyze a reaction with the methanol, an observation
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that was consistent with the preparative reaction leading to a complete recovery of the
Ph3P=O starting material. The potential change was not significant. In addition, the
new wave generated from the mixture of methanol and triphenylphosphine oxide
showed a reduction wave at roughly the same potential as observed for the methanol
electrolyte solution by itself (Figure 4-4). Since the presence of methanol in the
reaction shown in Scheme 4-4 insured that no TMSCl was present, the reduction of
triphenylphosphine oxide in this reaction never had a chance.

Figure 4-3. CV data for the reduction of Ph3P=O in the presence of methanol.

The same experiment run for the reduction of triphenylarsine oxide did not lead
to the same conclusion (Figure 4-4). In this case, the presence of the methanol solvent
led to a shift in the reduction potential for the triphenylarsine oxide of approximately
350 mV.
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Figure 4-4. CV data for the reduction of Ph3As=O.

The result was a reduction of the triphenylarsine oxide that occurred at a
significantly lower potential than the methanol electrolyte solution. So, the presence
of the methanol activates triphenylarsine oxide for reduction in a manner not observed
for the reduction of triphenylphosphine oxide. This difference enabled the success of
the paired electrolysis reaction shown in Scheme 4-8b.
With this information, the "ground rules" for the development of an electrolysis
that pairs an anodic cyclization with the reduction of triphenylphosphine oxide as
suggested in Scheme 4-1b can be defined. An electrocatalyst for the indirect reduction
of triphenylphosphine oxide will need to have a reduction potential of approximately
Ep/2 = -2.1 V vs. Ag/AgCl. This potential is only 300 mV more positive than the
reduction potential of triphenylphosphine oxide in methanol solvent, a difference in
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potential that is consistent with the energy difference commonly seen between an
electrocatalyst and its targeted substrate.17-18 This observation indicates that the
development of an electrocatalytic approach to pairing an anodic oxidation with the
reduction of triphenylphosphine oxide is certainly viable.
While the chemistry discussed above targeted reduction reactions that do not
require the use of a sacrificial anode, a large number of reduction reactions (the
generation of an anionic nucleophiles, the use of electrogenerated bases, etc.) do
require such an electrode. In those cases, the direct pairing of the cathodic reaction
with an alcohol oxidation, an anodic cyclization reaction, or almost any other
oxidation reaction that might typically be found in a synthetic sequence can be ruled
out. However, that does not mean that such oxidation reaction cannot be used to make
a reduction that requires a sacrificial anode more sustainable. After all, reduction
reactions paired with a sacrificial anode still produce a stoichiometric waste product
from the required oxidation reaction that can in principle be recycled with the energy
used at the auxiliary electrode of an anodic oxidation reactions. With this in mind, we
set out to demonstrate that anodic reactions could be paired with the regeneration of a
sacrificial anode.
Consider the two reactions shown in Scheme 4-10. For each oxidation reaction, a
Zn-electrode was employed as the cathode and a Zn2+-salt was added to cathodic
chamber. The cathode was weighed before and after the reaction in order to determine
the weight of Zn(0) that was deposited on the electrode. In the first experiment, the
reduction of a Zn2+-salt was paired with an alcohol oxidation. Both reactions
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proceeded smoothly leading to an 84% yield of the aldehyde at the anode and an 87%
recovery of Zn on the cathode. The reaction was run using equal molar amounts of
substrate for both the anodic and cathodic reactions indicating that the hydrogen
evolution reaction was not competitive with the reduction of zinc-salts at the cathode.
In the second example, the generation of Zn-metal at the cathode was paired with the
anoidic cyclization reaction. Once again, the pairing of the reactions proved
successful with a 1:1 ratio of substrates at the anode and cathode and the oxidative
cyclization reaction proceeded in a manner identical to the earlier cases.

Scheme 4-10. Regeneration of a sacrificial anode.
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4.4 Pairing Reactions on Different Scales
It is known that since current can be split, paired electrochemical reactions do not
have to be conducted using reactions that are required on the same scale. One can
engineer a cell to demonstrate this capability, but there are simpler easier ways that
require little to no additional effort relative to a typical electrolysis. Take for example
the chemistry illustrated in Scheme 4-11. The reactions here were run in cells that
were linked in a "series format". In this format, the cathode of the first cell is wired to
the anode of the second cell, the cathode of the second cell is wired to the anode of
the third cell, etc. A constant current is then passed through each of the cells and all of
the electrodes allowed to adjust their working potentials to match the substrate
present. In the first of these reactions done in our labs, a series of three silylated
amides were converted into six peptidomimetics through an anodic oxidation reaction
and then quenching the resulting N-acyliminium ions with different nucleophiles.19 In
each of the electrochemical cells, the potential at the anode adjusted to the amide
present and the cathode reduced protons to generate hydrogen gas. While we did not
take advantage of that hydrogen gas at the time, the reaction clearly paired a larger
hydrogen evolution reaction with three different oxidation reactions of smaller scale.
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Scheme 4-11. Pairing reactions on different scales. a) Organization of
electrochemical cells in a series format. b) An example of using a series
electrolysis for paired synthesis.

For the chemistry shown in Scheme 4-11, we wanted to demonstrate this concept
for paired electrochemical reactions where the product from each electrode was being
used. Hence, we paired the anodic oxidation of veratryl alcohol with both a
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triphenylphospine in the presence of TMSCl reduction and a triphenylarsine reduction
in the presence of methanol. The two reductions were chosen because they are clearly
not compatible with each other. In this example, the oxidation reaction was conducted
on roughly twice the scale of either reduction (0.5 mmol of alcohol in each cell along
with 0.25 mmol of triphenylphosphine oxide and 0.17 mmol of triphenylarsine oxide
– the reduction in both cases is a four-electron process). Of course, there is no need
for this stoichiometry. If one wanted to run a much larger oxidation reaction without
increasing the scale of the reduction reactions, then a third cell could be added to the
series pairing the oxidation with a hydrogen evolution reaction (its normal partner).
One could either take advantage of the hydrogen generated or not. The point is that
some of the current used for the oxidation reaction would be used for a productive
reaction or two without any need to scale the oxidation required to match the scale of
the reduction process needed. The only requirement is to divide the oxidation reaction
into two flasks and then add the reduction substrate to one of them. In this way, the
pairing of the process can be driven entirely by synthetic need and not any
requirement to match the scale of the reactions being conducted.
It is also important to point out that this is the approach that would be taken to
scaling the reactions. While one always has an option of scaling-up or scaling-out a
chemical process, the compatibility of the reactions with a series format suggests that
scaling-out the reactions is in this case a very attractive approach. From the standpoint
of the oxidation both reactions in Scheme 4-11 ran in a manner identical to the
previous individual reactions and to each other.
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4.5 Conclusions
While the utility of paired electrochemical reactions has been known for quite
some time and there are numerous examples of how the energy efficiency of such
processes can be optimized in the context of perfectly matched sets of oxidation and
reduction reactions, the reactions have found limited use by the larger synthetic
community that is motivated by the need to synthesize molecules for a specific
purpose. With that in mind, we have been exploring paired electrochemical reactions
that do not involve perfectly matched pairs of substrates. Previously, we demonstrated
how hydrogen gas generated during a series of anodic oxidation reactions could be
used to drive synthetically useful hydrogenation and hydrogenolysis reactions. The
reactions took advantage of the ubiquitous hydrogen evolution reaction as the
cathode. We have now demonstrated that the energy required at the cathode for those
oxidation reactions can be used to drive other less optimal but still synthetically
desirable transformations. The result is an opportunity to use electrochemical
oxidation reactions in a synthetic sequence as vehicles for improving the sustainable
of other reactions within the sequence.
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4.6 Experimental Details
4.6.1 General Electrolysis Experiments
Scheme 4-12. Oxidation of benzylalcohol & reduction of triphenylphosphine
oxide

In a divided cell separated by glass frit, benzylalcohol (0.5 mmol),
tetrabutylammonium tetrafluoroborate (TBATFB, 0.165 g, 0.5 mmol) and 2,6-lutidine
(0.58 mL, 5 mmol) was added in the anodic chamber. Triphenylphosphine oxide (70
mg, 0.25 mmol), TBATFB (0.165 g, 0.5 mmol) and trimethylsilyl chloride (TMSCl,
0.1 mL, 0.75 mmol) was added to the cathodic chamber. After RVC anode and Zn
strip cathode were placed, the cell was purged with Ar. Acetonitrile (6 mL in each
chamber) was then injected and a current of 25 mA was put through the cell until 2.2
F/mol (for benzylalcohol) of charge pass through the cell. The anodic mixture was
washed with 1 M HCl to remove 2,6-lutidine and was extracted with dichloromethane
(DCM) then dried by MgSO4. Solvent in both chambers could be removed under
vacuo and purified through silica gel chromatography (ethyl acetate: hexanes=1:4) to
afford corresponding benzyl aldehyde and triphenylphosphine respectively.
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3,4-methoxy-benzaldehyde

1

H-NMR (CDCl3, 300 MHz): δ 9.86 (s, 1H), 7.46 (dd, J1 = 1.85 Hz, J2 = 8.17 Hz,

1H), 7.41 (d, J = 1.85 Hz, 1H), 6.98 (d, J = 8.17 Hz, 1H), 3.97 (s, 3H), 3.94 (s, 3H).

4-methoxy-benzaldehyde

1

H-NMR (CDCl3, 500 MHz,): δ 9.88 (s, 1H), 7.84 (d, J=8.8 Hz, 2H), 7.01 (d,

J=8.7 Hz, 2H), 3.89 (s, 3H); 13C NMR (CDCl3,125 MHz): δ 190.70, 164.54, 131.92,
129.90, 114.26, 55.51.

3,4-methyl-benzaldehyde

1

H-NMR (CDCl3, 300 MHz): δ 9.93 (s, 1H), 7.64 (d, J = 1.41 Hz, 1H), 7.60 (dd,

J1 = 1.41 Hz, J2 = 7.70 1H), 7.28 (d, J = 7.70 Hz, 1H), 2.34 (two s, 6H); 13C NMR
(CDCl3,125 MHz): δ 192.36, 144.42, 137.62, 134.76, 130.70, 130.37, 127.86, 20.39,
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19.78.

4-methyl-benzaldehyde

1

H-NMR (CDCl3 ,300 MHz): δ 9.97 (s, 1H), 7.78 (d, J = 8.10 Hz, 2H), 7.33 (d, J

= 8.00 Hz, 2H), 2.42 (s, 3H); 13C NMR (CDCl3,125 MHz): δ 191.59, 145.10, 133.72,
129.40, 129.31, 21.45.

Benzaldehyde

1

H NMR matched the previously reported data.20

1

H NMR (CDCl3 ,300 MHz): δ 10.03 (s, 1H), 7.90 (d, J = 6.8 Hz, 2H), 7.64 (t, J =

7.5 Hz, 1H), 7.54 (t, J = 7.6 Hz, 2H).

Triphenylphosphine oxide

31

P-NMR (CDCl3) δ 5.1 ppm.
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Scheme 4-13. Oxidation of veratryl alcohol & reduction of nitrobenzene

This electrolysis was operated in a glass-frit divided cell. Veratryl alcohol (25 mg,
0.15 mol), TBATFB (99 mg, 0.3 mmol) and 2,6-lutidine (0.2 mL, 1.7 mmol) was
added to the anodic chamber. Nitrobenzene (6 mg, 0.05 mmol), TBATFB (99 mg, 0.3
mmol) and acetic acid (30 mg, 0.5 mmol) was added to the cathodic chamber. The cell
was equipped with RVC anode and Zn cathode and then purged with Ar. 6 mL of
acetonitrile was injected to the anodic chamber and 3 mL acetonitrile was injected to
the cathodic chamber. 25 mA current was allowed to pass through the cell until 2.2
F/mol (for veratryl alcohol) amount of charge was achieved. The anodic chamber was
washed with 1 M HCl and extracted by DCM. While the cathodic chamber was
washed with 1 M NaHCO3 and extracted by DCM. Both organic solutions were dried
by MgSO4. Both oxidation and reduction products could be separated via silica gel
chromatography. (ethyl acetate: hexanes=1:4 for anodic product, ethyl acetate:
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hexanes=1:10 for cathodic product)

Azoxybenzene

1

H NMR (CDCl3, 500 MHz,): δ 8.31~8.32 (m, 1H), 8.16~8.18 (m, 1H),

7.38~7.57, (m, 4H); 13C NMR (CDCl3,125 MHz): δ 144.17, 131.74, 129.76, 128.95,
128.85, 125.67, 122.51. IR (cm-1): 1473, 1435, 1327, 763, 684.

Scheme 4-14. Oxidation cyclization of 5-methoxy-3-methylpent-4-en-1-ol &
reduction of nitrobenzene

This electrolysis was operated in a glass-frit divided cell. 5-methoxy-3methylpent-4-en-1-ol (20 mg, 0.15 mol), TBATFB (99 mg, 0.3 mmol) and 2,6lutidine (0.2 mL, 1.7 mmol) was added to the anodic chamber. Nitrobenzene (6 mg,
0.05 mmol), TBATFB (99 mg, 0.3 mmol) and acetic acid (30 mg, 0.5 mmol) was
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added to the cathodic chamber. The cell was equipped with RVC anode and Zn
cathode and then purged with Ar. 4 mL of tetrahydrofuran and 1 mL of methanol was
injected to the anodic chamber and 3 ml acetonitrile was injected to the cathodic
chamber. 10 mA current was allowed to pass through the cell until 2.2 F/mol(for
veratryl alcohol) amount of charge was achieved. The anodic chamber was washed
with sat. NaHCO3 and extracted by DCM. While the cathodic chamber was washed
with sat. NaHCO3 and extracted by DCM as well. Both organic solutions were dried
by MgSO4. Both oxidation and reduction products could be separated via silica gel
chromatography. (ethyl ether: hexanes=1:2 for anodic product, ethyl acetate:
hexanes=1:10 for cathodic product)

Scheme 4-15. Oxidation of veratryl alcohol & reduction of triphenylarsine oxide

In a divided cell separated by glass frit, veratryl alcohol (101 mg, 0.6 mmol),
tetrabutylammonium tetrafluoroborate (TBATFB, 0.165 g, 0.5 mmol) and 2,6-lutidine
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(0.58 mL, 5 mmol) was added in the anodic chamber. Triphenyarsine oxide (65 mg,
0.2 mmol), TBATFB (0.165 g, 0.5 mmol) was added to the cathodic chamber. After
RVC anode and Zn strip cathode were placed, the cell was purged with Ar. Solvent
(anode: acetonitrile, 6 mL. cathode: acetonitrile 6 mL, water 0.1 mL) was then
injected and a current of 25 mA was put through the cell until 2.2 F/mol (for veratryl
alcohol) of charge pass through the cell. The anodic mixture was washed with 1 M
HCl to remove 2,6-lutidine and was extracted with dichloromethane (DCM) then
dried by MgSO4. Solvent in both chambers could be removed under vacuo and
purified through silica gel chromatography (ethyl acetate: hexanes=1:4) to afford
corresponding veratryl aldehyde and triphenylarsine respectively.
Triphenylarsine

1

H NMR (CD3CN, 600 MHz): δ 7.32~7.37 (m, 15H); 13C NMR

(CD3CN,150 MHz): δ 140.49, 134.41, 129.76, 129.62.
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Scheme 4-16. Oxidative cyclization of 5-methoxy-3-methylpent-4-en-1-ol &
reduction of triphenylarsine oxide

In a divided cell separated by glass frit, enol ether (78 mg, 0.6 mmol),
tetrabutylammonium tetrafluoroborate (TBATFB, 0.165 g, 0.5 mmol) and 2,6-lutidine
(0.58 mL, 5 mmol) was added in the anodic chamber. Triphenylarsine oxide (65 mg,
0.2 mmol), TBATFB (0.165 g, 0.5 mmol) was added to the cathodic chamber. After
RVC anode and Zn strip cathode were placed, the cell was purged with Ar. Solvent
(anode: methanol 2 mL, tetrahydrofuran 5 mL, cathode: THF 6 mL, methanol 1 mL)
was then injected and a current of 15 mA was put through the cell until 2.2 F/mol (for
enol ether) of charge pass through the cell. The anodic mixture was washed with 1 M
HCl to remove 2,6-lutidine and was extracted with dichloromethane (DCM) then
dried by MgSO4. Solvent in both chambers could be removed under vacuo and
purified through silica gel chromatography (ethyl acetate: hexanes=1:4) to afford
corresponding veratryl aldehyde and triphenylarsine respectively.
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2-dimethoxymethyl-3-methyltetrahydrofuran

1

H-NMR of the 2-dimethoxymethyl-3-methyltetrahydrofuran matched the

previously reported data21. 1H NMR (CDCl3, 300 MHz): δ 4.32 (d, J = 7.4Hz, 0.2H),
4.24 (d, J = 5.9Hz, 0.8H), 4.01-3.92 (m, 0.2H), 3.88-3.77 (m, 1.8H), 3.51 (t, J =
6.1Hz, 1H), 3.44-3.41 (four s, 6H), 2.41-2.31 (m, 0.2H), 2.25-2.10 (m, 0.7H), 2.152.01 (m, 1H), 1.68-1.49 (m, 1H), 1.11 (d, J = 6.7Hz, 2.4H), 1.00 (d, J = 7.1Hz, 0.6H).

Scheme 4-17. Oxidative cyclization of 5-methoxy-3-methylpent-4-en-1-ol &
recovery of zinc

In a divided cell separated by glass frit, enol ether (65 mg, 0.5 mmol),
tetrabutylammonium tetrafluoroborate (TBATFB, 0.165 g, 0.5 mmol) and 2,6-lutidine
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(0.58 mL, 5 mmol) was added in the anodic chamber. Zinc chloride (75 mg, 0.55
mmol), TBATFB (0.165 g, 0.5 mmol) was added to the cathodic chamber. After RVC
anode and Zn strip cathode were placed, the cell was purged with Ar. Solvent (anode:
methanol, 2 mL, tetrahydrofuran, 4.5 mL. cathode: tetrahydrofuran 6.5 mL) was then
injected and a current of 25 mA was put through the cell until 2.2 F/mol (for veratryl
alcohol) of charge pass through the cell. The anodic mixture was washed with
saturated NaHCO3 and was extracted with dichloromethane (DCM) then dried by
MgSO4. Solvent could be removed under vacuo and purified through silica gel
chromatography (ethyl acetate: hexanes=1:4) to afford 2-dimethoxymethyl-3methyltetrahydrofuran. The Zn cathode was removed from the cell and carefully
flushed with methanol and dried under vacuum.

Scheme 4-18. Oxidation of veratryl alcohol & recovery of zinc

In a divided cell separated by glass frit, veratryl alcohol (84 mg, 0.5 mmol),
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tetrabutylammonium tetrafluoroborate (TBATFB, 0.165 g, 0.5 mmol) and 2,6-lutidine
(0.58 mL, 5 mmol) was added in the anodic chamber. Zinc chloride (75 mg, 0.55
mmol), TBATFB (0.165 g, 0.5 mmol) was added to the cathodic chamber. After RVC
anode and Zn strip cathode were placed, the cell was purged with Ar. Solvent (anode:
acetonitrile, 6 mL. cathode: acetonitrile 6 mL, acetic acid 1 drop) was then injected
and a current of 25 mA was put through the cell until 2.2 F/mol (for veratryl alcohol)
of charge pass through the cell. The anodic mixture was washed with 1 M HCl to
remove 2,6-lutidine and was extracted with dichloromethane (DCM) then dried by
MgSO4. Solvent could be removed under vacuo and purified through silica gel
chromatography (ethyl acetate: hexanes=1:4) to afford corresponding veratryl
aldehyde. The Zn cathode was removed from the cell and carefully flushed with
acetonitrile and dried under vacuum.

Scheme 4-19. Oxidation of veratryl alcohol & dimerization of 1-(4methoxyphenyl)prop-2-en-1-one
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Veratryl alcohol (42 mg, 0.25 mmol), 2,6-lutidine (0.25 mL, 2.2 mmol), TBATFB
(0.165 g, 0.5 mmol) and enone (81 mg, 0.5 mmol) was added to a 3-neck round
bottom flask. Solvent (acetonitrile: water = 4 mL : 0.1 mL) was injected after
equipped with RVC anode and Pb cathode as well as purged with Ar. The electrolysis
was conducted under 25 mA until 2.2 F/mol (for veratryl alcohol) amount of charge
was applied to the cell. The mixture was washed by 1 M HCl and extracted by DCM.
The organic layer was then dried by MgSO4 and the two products were isolated
through silica gel chromatography (diethyl ether: hexanes=1:3)

1,6-bis(4-methoxyphenyl)hexane-1,6-dione

1

H-NMR (CDCl3, 500 MHz): δ 7.93 (d, J = 8.8 Hz, 4H), 6.93 (d, J = 8.8 Hz, 4H),

3.87 (s, 6H), 2.97 (m, 4H), 1.82 (m, 4H);
13

C NMR (CDCl3,125 MHz): δ 198.80, 163.51, 130.43, 130.25, 113.84, 55.59,

38.23, 24.38.
IR (neat, cm-1) 1671, 1602, 1575, 1508, 1417, 1254, 1190, 1173. ESI HRMS m/z
(M+Na)+: 349.1413
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Scheme 4-20. Oxidation cyclization of 5-methoxy-3-methylpent-4-en-1-ol &
dimerization of 1-(4-methoxyphenyl)prop-2-en-1-one

5-methoxy-3-methylpent-4-en-1-ol (33 mg, 0.25 mmol), 2,6-lutidine (0.25 mL,
2.2 mmol), TBATFB (0.165 g, 0.5 mmol) and enone (81 mg, 0.5 mmol) was added to
a 3-neck round bottom flask. Solvent (tetrahydrofuran: methanol = 3 mL : 1.5 mL)
was injected after equipped with RVC anode and Pb cathode as well as purged with
Ar. The electrolysis was conducted under 10 mA until 2.2 F/mol (for enol ether)
amount of charge was applied to the cell. The mixture was washed by sat. NaHCO3
and extracted by DCM. The organic layer was then dried by MgSO4 and the two
products were isolated through silica gel chromatography (diethyl ether:
hexanes=1:10 to 1:4)
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Scheme 4-21. A series electrolysis for veratryl alcohol oxidation & reduction of
phosphine, arsine.

Two glass-frit divided cell were prepared. Veratryl alcohol (84 mg, 0.5 mmol),
2,6-lutidine (0.5 mL, 4.4 mmol), TBATFB (0.165 g, 0.5 mmol) were added in two
anodic chambers respectively. Triphenylphosphine oxide (70 mg, 0.25 mmol),
TBATFB (0.165 g, 0.5 mmol) and trimethylsilyl chloride (TMSCl, 0.1 mL, 0.75
mmol) was added to one cathodic chamber under Ar protection. Triphenylarsine oxide
(55 mg, 0.17 mmol), TBATFB (0.165 g, 0.5 mmol) was added to the other cathodic
chamber. Acetonitrile (6 mL) was added to all of the four chambers respectively and
methanol (0.5 mL) was then injected to the arsine oxide chamber. The two divided
cells were connected as shown in scheme above. 2.2 F/mol of charge was applied to
the veratryl alcohol under a current of 25 mA. The following work-up procedures
- 103 -

were well described in previous discussions.
For hydrogen evolution coupling reaction pairs, see in previous chapter 3.

4.6.2 Cyclic Voltammetry Experiments
Cyclic voltammetry experiment was all operated under BAS100W software. A
carbon working electrode, a platinum wire counter electrode and a Ag/AgCl reference
electrode were purchased from Bioanalytical Systems Inc. and were used in the
experiment. Potential of Ag/AgCl reference electrode was calibrated with a
corresponding ferrocene curve. Working electrode as well as counter electrode were
carefully rinsed, rubbed and wiped after each use.
Cyclic voltammetry of triphenylphosphine oxide.
Triphenylphosphine oxide (0.05 mmol), tetrabutylammonium
hexafluorophosphate (2 mmol, 0.774 g), solvent (acetonitrile 10 mL or acetonitrile 8.6
mL + methanol 1.4 mL) and tetramethylsilyl chloride (if necessary) was all placed in
a vial. The vessel was then purged with argon for 10 minutes. Cyclic voltammetry was
handled under a scan rate of 25 mV/s initiated from 0 V toward negative direction
until -3.0 V was reached.
Cyclic voltammetry of triphenylarsine oxide.
Triphenylphosphine oxide (0.05 mmol), tetrabutylammonium
hexafluorophosphate (2 mmol, 0.774 g) and solvent (acetonitrile 10 mL or acetonitrile
8.6 mL + methanol 1.4 mL) was all placed in a vial. The vessel was then purged with
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argon for 10 minutes. Cyclic voltammetry was handled under a scan rate of 25 mV/s
initiated from 0 V toward negative direction until -3.0 V was reached.
It is important to note that the CV data run in the presence of methanol solvent
not only led to the shifts in potential mentioned in the text, but also a significant
increase in current. While this change may be due to a change in electrode kinetics,
the size of the change is large enough to suggest that it might also be due to a change
from a one electron wave to a two-electron wave. This is a possibility since rapid
protonation of a radical anion derived from the first reduction would be expected to
enable a rapid second electron transfer step.
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Chapter 5. Exploration on Anodic Cyclization to Construct NHeterocyclic Ring System
5.1 Introduction
Many biologically active molecules contain polycyclic ring skeletons with
heteroatoms such a nitrogen featured prominently.1 A high demand on synthesizing
these molecules prompts researchers to develop novel, efficient methodologies to
complement existing routes and allow for the construction of numerous analogs of the
initial target. One way to generate new synthetic avenues of this kind is to take
advantage of umpolung reactions that reverse the polarity of functional group and in
so doing allow them to be used in new ways. Along these lines, anodic olefin coupling
reactions are intriguing because they can join electron-rich olefins to amine
nucleophiles in a way that allows for the construction of alkaloid type ring skeletons.
For example, consider the reaction proposed in Scheme 5-1. In the proposed reaction,
an
Scheme 5-1. A proposal to afford tricyclic ring compound
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P
anodic oxidation reaction would be used to trigger the formation of the tricyclic
alkaloid ring skeleton that forms the core of the chrysosporazine family of natural
products. These pyrazinoisoquinolinone analogs serve as P-glycoprotein inhibitors
and effectively reverse doxorubicin resistance.2 While methods to partially
accomplish the construction of similar molecules have been reported,3-4 the family of
molecules themselves remain an attractive, but elusive target. Hence, a potential new
route to the ring skeleton that takes advantage of umpolung chemistry offers an
opportunity to change the way the synthesis is viewed, a scenario that proved difficult
to resist. This was especially the case, because we knew the effort had the potential to
not only show the utility of anodic electrochemistry but also to challenge us to expand
the scope of the reactions.
Previous studies have shown that nitrogen amidyl radicals can be generated by
an anodic oxidation, and that the intermediates undergo cyclization reactions with
olefins to afford a variety of cyclic systems.7 Success in explorations on transition
metal mediated radical-phenyl coupling process suggest the second cyclization might
also go well (see background for more details). Both, preliminary results encouraged
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us to proble whether the two electron cascade cyclization shown in Scheme 1 was
possible.

5.2 Background
Anodic oxidative cyclization reactions offer a unique pathway for formation of
oxygen or nitrogen contained heterocyclic compounds. In an anodic olefin coupling
process, the polarity of a double bond is reversed by the removal of an electron. The
resulting cation intermediate is then trapped by a nucleophile. This umpolung
reactions provides a new method for construction a bond between two electron-rich
functional groups. For instance,5-6 enol ether 5-1 and dithioketene acetal 5-4 were
both oxidized to form the corresponding radical cations 5-2 and 5-4 (Scheme 5-2). In
both cases, the radical cation was then trapped with a heteroatomic nucleophile to
form the corresponding heterocycle following the loss of a proton, a second oxidation
step, and methanol trapping of the subsequent cation. The net result was a two
electron-oxidation route to the new ring that proceeded in a manner not available
using more conventional synthetic methods.
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Scheme 5-2. Anodic cyclization examples to forge heterocyclic ring.

Anodic cyclization reactions have also been utilized to make polycyclic ring
systems, especially ring skeletons that contain a nitrogen atom. As illustrated by the
Xu group,7 an amidyl radical can be formed with the use of a ferrocene mediator
(ferrocene is oxidized to a ferrocenium ion at the anode that then oxidizes an amidyl
anion) to initiate a cascade process (Scheme 5-3). In this reaction, the amidyl radical
initially adds to an olefin to generate a cyclic radical that then undergoes addition to
the (aromatic ring. A subsequent oxidation and loss of a proton leads to the formation
of the tricyclic product 5-9. We hoped to use the reaction shown in Scheme 1 above to
show that this overall approach was general and could be used even when the amide
nitrogen was not functionalized with an aryl ring.
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Scheme 5-3. Amidyl radical induced anodic cascade cyclization

In the chemistry forwarded by the Xu group, the present of the phenyl ring on the
amidyl nitrogen was essential for the success of the reaction. First, its presence lowers
the pKa of the amidyl proton allowing for formation of an anion that is oxidized to the
initial radical. Second, the second cyclization reaction involves the addition of a
radical to the aromatic ring to place a radical by the electron-donating nitrogen. This
stabilized the radical and aided in the second oxidation step needed to finish the
overall transformation. In our proposed cyclization, the nature of the product desired
means neither of these two critical features of the Xu chemistry is possible. In fact, for
this proposed cyclization (Scheme 5-4) the aryl ring involved is electron-poor. So,
how can such a transformation be accomplished? There are a couple of possibilities.
One can imagine making a N-based radical in analogy to the Xu chemistry with the
use of a stronger base to make the anion or one could take advantage of a radical
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cation intermediate. For the radical cation reactions, the use of a N-based radical
cation would be analogous to similar amine type cyclizations, and the use of an olefin
radical cation would be analogous to the cyclizations shown in Scheme 5-3 above.
Presumably, the radical cation pathway would be controlled by the relative oxidation
potentials of the amidyl anion and the styrene moiety. With that said, none of the
cyclization reactions cited as precedent used an amide in the manner shown, a
situation that provided an opportunity to explore a new synthetic pathway and in so
doing expand the scope of anodic coupling reactions.

Scheme 5-4. A new model for nitrogen based anodic cascade cyclization

There were some cyclization reactions in the literature that suggested that the
proposed one-pot cascade process was possible in spite of the electron-poor aromatic
ring. Shi and co-workers demonstrated that a Cu-based radical pathway to olefin
functionalization could be used to affect a radical cyclization reaction onto an
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electron-poor aryl sulfone (Scheme 5-5). In this case, the presence of Cu(II) would
help convert the aryl radical to the final product either by oxidation of the radical or
by trapping the of the radical leading to a beta-hydride elimination. . This is a “trick”
that might also help with the second oxidation step in the synthesis proposed in
Scheme 5-1.

Scheme 5-5. Copper mediated cyclization on electron deficient phenyl ring.

5.3 Exploration on Oxidative Cascade Cyclization
5.3.1 Initial Attempts on 6-Member Ring Cyclization
With this in mind, we set out to explore the application of electrochemistry to the
pyrazinoisoquinolinone ring skeleton found in the chrysosoporazines. Initially, we
thought to directly try the cascade process to see what the potential was for a “fast
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solution” to the problem. Accordingly, a synthesis of substrate 5-13 was undertaken. A
brief retrosynthesis is illustrated in Scheme 5-6. The retrosynthesis is brief because it
appears that the substrate can be rapidly assembled from two basic building blocks;
one a cinnamate derivative with the potential to be made from a lignin-derived
building block,19 and the other a diprotected ethylene diamine derivative. The two
building blocks would be combined with an SN2-reaction since the pnitrobenzenesulfonyl (Ns) protected amine would have a significantly lower pKa than
the amide.

Scheme 5-6. Retrosynthetic analysis demonstration.

Attempts at the forward synthesis began with attempts to selectively protect one
amine of ethylene diamine (Scheme 5-7). Unfortunately, neither of the two possible
approaches could be made to work. The problems arose due to difficulties controlling
the pH of the reactions so that a monoprotected product could be obtained and
isolated from the reaction mixture and solubility issues.
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Scheme 5-7. Initial pathway for building block 5-19.

For this reason, a more expensive but much more accessible route was chosen
(Scheme 5-8) in which 1-Boc-1,2-ethylene diamine was directly purchased to provide
the unsymmetrical substrate needed for making either a benzoyl or p-Ns protected
amine on the end. The synthesis started by treating the mono-Boc protected ethylene
diamine 5-16 with benzoyl chloride to afford 5-17 followed by deprotection of Boc in
the presence of aqueous hydrochloric acid to obtain corresponding hydrochloride salt
5-18. The nitrobenzenesulfonyl group was then added in the presence of triethylamine
to afford compound 5-19 in a 66% yield over the three steps.

Scheme 5-8. Synthesis of building block 5-19.
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For the second building block 5-23, an electron donating methoxyl group was
included on the para position of the aromatic ring to help with oxidation of a second
electron following the initial cyclization reaction or to aid with the formation of a
radical cation from the olefin during the anodic cyclization. Access to 5-23 could be
achieved within four steps starting from para-methoxyl cinnamic acid 5-20. The acid
was converted to a methyl ester by treatment of the acid in methanol with acetyl
chloride, a method for generating a controlled amount of HCl in methanol. Then a
reduction of cinnamate 5-21 to alcohol was handled by addition of lithium aluminum
hydride to give methoxyl cinnamic alcohol 5-22. Replacement of hydroxyl by
bromide was accomplished with the use of phosphorus tribromide to provide the
target methoxyl cinnamic bromide 5-23.

Scheme 5-9. Synthesis of fragment 5-23.

With both fragments 5-19 and 5-23 in hand, attention turned toward coupling
them together and completing the synthesis of the electrolysis substrate 5-13. The key
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to this step was choosing the correct base. The pKa of a benzenesulfonamide is 16.1,
whereas the pKa of benzamide is 23.3.8 Methoxide was initially considered as the
ideal base given its basicity stands in between two amide moiety, but addition of
lithium or sodium methoxide to the reaction mixture quickly led to the additionof
methoxide to the cinnamyl bromide derivative to give cinnamyl methoxide. Hence,
we needed a different base. Potassium carbonate was ultimately selected as the base
for the reaction and the transformation conducted in refluxing acetone (Scheme 5-10).

Scheme 5-10. Completion of synthetizing substrate 5-13.

The anodic oxidation of compound 5-13 started was initially attempted using the
reaction conditions shown in Scheme 5-11. Several commonly used electrochemistry
solvents were tested for the transformation including hexafluoroisopropanol (HFIP)
(entry 4, Scheme 5-11). The use of HFIP is known to stabilize radical intermediates.9- 119 -

10

The use of a divided cell in certain cases (entry 4-6) was based on an early

observation (from entry 2-3) that using the normal types of electrochemical
cyclization the starting material for the reaction was recovered was almost fully
recovered even after several equivalent of charge was passed through the reaction
solution. With this solvent, it was assumed that the reaction was leading to an
intermediate that was stable. This intermediate then underwent reduction at the
cathode before it would undergo the desired cyclization (entries 4 and 5). In the case
of entry 4, a significant increase of cell resistance was observed, and only 0.7 F/mol
of charge could be passed through the electrolysis cell. Substrate 5-13 was consumed
only in the experiments highlighted in entrees 1 and 6; reactions that utilized
methanol solvent. However, in both cases the reaction led to polymeric products. It
appears that the methanol does trap the radical cation to prevent reduction of the
intermediate. With that said, no evidence for formation of the ring from the first
cyclization proposed was obtained.

Scheme 5-11. Failed attempt to obtain tricyclic product 5-14
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5.3.2 Simplified Model Reactions to 5-Member Ring Cyclizations
Based on these observations, we decided to examine the cascade reaction one
cyclization at a time. After all, if the first cyclization does not work, then there is no
chance for a successful cyclization.
This exploration began by looking at a simplified five membered ring model
system (Scheme 5-12). The change in ring size was made in order to give the
cyclization reaction the best chance for success. In that way, we could determine what
was required for C-N bond formation when no phenyl ring was present on the
nitrogen. Once those parameters were established, we would then turn our attention to
expanding the scope of the reactions to include six-membered ring formation.
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Scheme 5-12. Simplified model for cascade reaction.

The construction of substrate 5-24 is shown in Scheme 5-13. The synthesis
originated with 1-amino-butanol 5-26. The amino alcohol was converted into the
desired electrolysis substrate by installing the benzyl amide, oxidizing the alcohol to
an aldehyde using Swern conditions, and then utilizing the aldehyde in a Wittig
reaction. The phosphonium salt 5-29 was prepared according to the procedure
discussed in Scheme 3-8b in Chapter 3.
Scheme 5-13. Synthesis of substrate 5-24.
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Compound 5-24 was then electrolyzed using the conditions shown in Scheme 514. Once again, the initial conditions utilized those previously employed for the
cyclization of a sulfonamide anion onto an olefin. As in the chemistry shown in
Scheme 5-11, the starting material was recovered for each electrolysis tried. The
substrate remained unchanged in spite of variations in the reaction conditions
involving changes to the solvent, electrolyte, base used, and cell type. Compound 524 was only consumed under entry 7 condition in the presence of methanol, similar to
the reaction shown in Scheme 5-11, entries 1 and 6. While the starting material was
consumed, the reaction led to a complex mixture of what looked to be polymer
product with no proof that the cyclization occurred. Clearly, a different strategy would
be needed to accomplish the initial cyclization reaction.

Scheme 5-14. Failed attempt to obtain tricyclic product 5-25.
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The reactions above either used a base to generate an amidyl anion in hopes that
oxidation would lead to an amidyl radical and subsequent cyclization or conducted the
oxidation in the absence of the base in hopes that the oxidation would lead to a
styrene derived radical cation followed by amide trapping. Neither case worked. So,
we decided to increase the electron-richness of the aryl ring with a p-methoxy group
to aid the chemistry (Scheme 5-15). In the case of an amidyl radical, the p-methoxy
substituent would be expected to enhance a second oxidation step and push the
cyclization toward completion. In the absence of a base, the donating group would
make the styrene more electron-rich thereby enhancing the oxidation and formation of
the desired radical cation. The synthesis of substrate 5-30 was accomplished
following the same synthetic route as compound 5-24 (illustrated in Scheme 5-13).
The details of the synthesis are included in the experimental section of this chapter.
Once again, the anodic oxidation led to the same observations. The substrate was
consumed only in the presence of methanol solvent, and in that case no cyclized
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product was observed. Instead, the reaction appeared to generate polymeric product.

Scheme 5-15. Failed attempt to afford para-methoxy product 5-27.

5.3.3 Enhancing the Nucleophilicity on Nitrogen Moiety
The failure of this third reaction led us to wonder if the amide was simply not a
good enough nucleophile to trap the radical cation generated in the absence of the
base. In past examples of amides being used as a trapping group in an anodic olefin
coupling reaction, the configuration of the amide was opposite leading to trapping of
the radical cation by the more nucleophilic oxygen atom. Reactions to make C-N
bonds had either used a sulfonamide anion or an amine nucleophile.11-12 For the
current synthesis, it appeared that the simpler variation would be to simply go with an
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amine nucleophile here. In that way, no deprotection of a sulfonamide would be
needed and the product could just be acylated to achieve the same net transformation
as acylating the amine prior to the anodic cyclization. Therefore, the ring trapping
moiety in amide substrate 5-30 was replaced with an amine (5-32/ Scheme 5-16).

Scheme 5-16. Substrate adaption towards a better nucleophile of amine.

The initial idea for generating substrate 5-32 was to deprotect the benzoyl moiety
in 5-30 using a rather standard acidic hydrolysis. Unfortunately, this led to
polymerization of the styrene group under the acidic conditions before the amide
could be deprotected (Scheme 5-17a). The next attempt was to follow a strategy
similar to the one used to construct the previous amide substrates. That plan is
outlined in Scheme 5-17b. A readily removable tert-butyloxycarbonyl (Boc) was
selected to be installed in the first step in order to aid the later deprotection step.
However, several attempts to accomplish the subsequent alcohol oxidation failed to
convert butyl alcohol 5-33 to the corresponding aldehyde 5-34. Both Swern oxidation
and Dess-Martin strategies were employed. The Boc-group appeared to be interfering
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with the oxidation, so a new synthetic pathway was designed to circumvent the
problem.

Scheme 5-17. Two failed attempts to obtain amine substrate 5-32.

The new route involved a small adaptation from previous strategy. In this plan,
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we reversed the approach to the Wittig reaction so that the aldehyde substrate for the
reaction was no longer part of the amine substrate. The approach is illustrated in
Scheme 5-18. Phosphonium salt reagent was first prepared by mixing 4bromobutyronitrile 5-35 and triphenylphosphine. An ylide was generated from the
resulting salt with the use of sodium hydride as the base. Previously, we had used nBuLi for that purpose. The reason for altering the base was to avoid the addition of nBuLi to the cyanide moiety. In this case, the Wittig reaction led to predominately cisproduct (5-37) in manner consistent with a salt-free ylide. Then cyanide was reduced
by lithium aluminum hydride to afford amine substrate 5-32.

Scheme 5-18. Synthesis of amine substrate 5-32.

Anodic oxidation of 5-32 (Scheme 5-19) was carried out in methanol solvent and
led to decomposed product. Curiously, an 8 % yield of p-anisaldehyde was isolated
from the product mixture by preparative TLC. The formation of p-anisaldehyde
suggested that the cyclization had proceeded, but that the reaction led to
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overoxidation of the desired secondary amine product 5-44. The overoxidation led to
a new radical cation that triggered a fragmentation reaction. Based on this
observation, the presence of the aldehyde did suggest that the first cyclization was
successful, and that the route might be viable if we could stop overoxidation of the
product.
For this reason, substrate 5-38 with a trimethoxy substituted aryl ring was
proposed for the cyclization. Construction of 5-38 followed the exact same route
employed previously, but it altered the aldehyde used in the Wittig step. Details are
included in the experimental section. Unfortunately, the anodic oxidation reaction
again led to a complex mixture of products out of which syringaldehyde was
recovered. This result was not altogether surprising given the oxidation potential (~1.2
V) of the substrate. Clearly, the additional methoxy groups on the aryl ring did not
lower the oxidation potential of the substrate to a point where overoxidation could be
avoided.
The overoxidation of secondary amine in anodic cyclization process was also
observed and discussed by Hai-Chao Xu as well (Scheme 5-19b).14 Normally the
oxidation potential of a secondary amine is 0.89 V. And apparently the styrene’s
potential shift by adding multiple electron-donating methoxy moieties still failed to
compete with the secondary amine overoxidation. Details of cyclic voltammetry data
was discussed later in Figure 5-1.
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Scheme 5-19a. Anodic oxidation of amine substrate and proposed mechanism for
yielding aldehyde.

Scheme 5-19b. Oxidation potential of cyclic secondary amine

At this point, another approach was viewed as being potentially more
advantageous. Since the use of an amide coupling partner failed in the cyclizations,
we turned out attention toward conversion of the amide into a more compatible
functional group. One suggestion was to take advantage of information gained from
an earlier anodic cyclization reported by Nguyen and coworkers (Scheme 5-20).13 In
this example, an anodic oxidation reaction was used to couple a trimethoxy
substituted styrene and an enol ether. It occurred to us that conversion of an amide
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substrate into imidate 5-40a would lead to a substrate with a very similar structure to
substrate 5-42, and we hoped that an oxidation of 5-40a would lead to a similar
cyclization reaction. This hope was fortified by the idea that the oxidation potential of
the imidate would be lower than that of the styrene and hence lead to a substrate with
an oxidation potential lower than that of the cyclic amine 5-41.

Scheme 5-20. A successful olefin coupling cyclization and its imitation to afford
heteroatom ring cyclization.
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To construct the imidate substrate, the amine substrate 5-38 was benzylated. With
amide 5-39 in hand, several oxygen trapping reagents were screened for conversion of
the amide into the desired imidate (Scheme 5-21). Initially, we wanted to silylate the
amide (entry 1 to 4) since we hoped that a silyl group would be removed in situ
during anodic oxidation to give the amide back(Scheme 5-20, 5-40b). The presence of
the carbonyl would lower the nitrogen electron density in the product thus raising the
oxidation potential of the product to a point higher than the starting material.
Unfortunately, attempts to make a silyl based imidate by treating the amide with a
silylating agent in the presence of base all failed. In most cases, only the starting
amide was recovered. Interestingly, when a t-butyldimethylsilyl triflate electrophile
was used along with triethylamine, a side product was obtained that resulted from
demethylation of the central methoxy group on the aromatic ring. Even in this case,
only amide product was obtained. Fortunately, an imidate product (5-40, R = Me)
could be formed in decent yield with the use of methyl trifluoromethanesulfonate as
the electrophile in the presence of triethylamine.
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Scheme 5-21. Amide transforming to imine ether exploration.

However, to date the anodic oxidation 5-40a has failed to afford any of the
desired cyclized product (Scheme 5-22). Instead, the same mixture of polymer and
syringaldehyde from over oxidation was observed in most cases (entry 1,2,7,8). In
other cases, either no reaction or formation of a polymeric product was obtained. It
appeared that once again we could not stop overoxidation of the cyclized product.

Scheme 5-22. Failed attempt to operate cyclization on imine ether.
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From the cyclic voltammetry data shown in Figure 5-1, a significant oxidation
potential shift of imidate 5-40a was observed relative to amide 5-39. The Ep/2 value
measured for the imidate is around +1.1 V vs. Ag/AgCl, whereas the Ep/2 value for the
oxidation of the trimethoxy styrene moiety is around +1.4 V vs. Ag/AgCl. However,
the shift for the imidate to +1.1 V still fails to place the potential of the substrate
below the +0.8 V to +0.9 V vs. Ag/AgCl that is typically found for a cyclic amine.
Attempts to avoid these issues with the use of a known mediator for amidyl
radical type cyclizations were also conducted (Scheme 5-23). The hope was to gain
chemical control of the oxidation rather than just control by potential by capitalizing
on the Lewis basicity of the amide or imidate group. However, the use of the mediator
led to no real change in the reactions, with the result either indicating no reaction or
leading to the same mixture of aldehyde from overoxidation and polymerization.
Surprisingly, a direct oxidation of amide 5-39 also offered aldehyde and polymer.
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This result caused us to look back at the previous direct oxidation reactions for the
mono methoxy amide 5-26 and six-member ring precursors 5-13. In both cases, an
aldehyde proton signal for 4-anisaldehyde was found in the proton NMR. The
prevalence of amine overoxidation even in amide compound implied the possible
formation of a five membered ring cyclized product involving the amide oxygen
followed by formation of an orthoamide in analogy to the previous imidate
cyclizations with the methylated imidate (Scheme 5-22). Intramolecular cyclization
reactions of this type have been observed for anodic olefin coupling reactions.14-15
At this point, it was clear that the formation of an amine product during the
cyclization needs to be avoided. Any further advancement of this effort would need to
focus on a cyclization that would lead to the formation of an amide product after
generation of a cyclic product with the benzylic carbon trapped by methanol. For the
current chemistry, that would mean using the imidate approach but either finding a
way to make they silyl-based imidate so that the amide would be formed following
the cyclization (a TBS protected alcohol would not do the intramolecular cyclization
before methanol trapping of the benzylic carbon) or by conducting the reactions using
5.40a in water so that any orthoester intermediate generated (either cyclic or not)
would immediately decompose to the amide . Both scenarios avoid the formation of
an oxidizable amine product.
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Figure 5-1. Cyclic voltammetry diagram of substrate 5-38, 5-39, 5-40a.

Scheme 5-23. Miscellaneous attempt on amide/imidate cyclization.

- 136 -

With the difficulties observed, we began to wonder if the styrene group itself was
compatible with C-N bond formation. To test this idea, we took inspiration from the
work of Xu and Moeller in 2010 (Scheme 5-24 and Scheme 5-19b).16 In their work,
they showed that the amine cyclization worked because of a Nernstian shift that
lowered the oxidation potential of the substrate below that of the product. Before that
observation was made, they used the initial numbers to predict an overoxidation
problem and handled the "problem" by using a sulfonyl protecting group on the
amine. The idea was to lower the acidity of the N-H in the substrate and afford a
product with a higher oxidation potential than the substrate. They also knew that if the
oxidation occurred at the dithioketene acetal group, sulfonamides are better
nucleophiles than amides. In this scenario, cyclization of tosyl protected amine was
operated efficiently with a yield of 80%.

Scheme 5-24. Previous studies on amine cyclization and overoxidation.
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Inspired by this work, we sought to test the generality of the reaction using the
styrene trapping group with more electron-rich aryl rings and the formation of sixmembered ring products. First, we examined the compatibility with more electronrich aryl rings. Along this line, the tosyl protected substrate 5-48 was acquired from
amine 5-38 through a single tosylation step. An anodic oxidation was then used
employing similar conditions to those employed by Xu and Moeller to afford the
desired cyclized product in a 74 % isolated yield (Scheme 5-25). Clearly, the reaction
was compatible with the more electron-rich aryl ring. So the sulfonyl protecting group
did solve the initially encountered issues.

Scheme 5-25. Accomplishment of first ring cyclization with the aid of
toluenesulfonyl group.
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5.3.4 Attempts to Extend the Tosylated Strategy to 6-Member Ring Cyclization
Further exploration attempted to extent the cyclization to the formation of sixmembered rings. This was especially important given the initial family of target
molecules selected. Thus, a six-membered ring precursor was prepared following the
synthetic strategy shown in Scheme 5-26a. Once the substrate (5-52) was available,
the anodic oxidation was conducted in a manner analogous to the five-membered ring
formation. However, none of the desired six-membered ring product was formed.
Instead, a five-membered ring styrene derivative 5-53 was isolated in 28 % yield. The
formation of this product was consistent with the mechanistic possibilities illustrated
in Scheme 5-26c. It appears that formation of the 5-membered ring occurred either
through a hydrogen atom abstraction pathway (A) or an elimination pathway (B).

Scheme 5-26a. synthesis of six member-ring precursor

Scheme 5-26b. Electrolysis of 5-52
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Scheme 5-26c. Proposed mechanism of 5-53 formation

In both mechanisms, base plays a key role. Of the two pathways, the hydrogen
atom abstraction route seems more likely based on the fact that the elimination
reaction did not occur for the five-membered ring substrates. Of course, this could be
a matter of the five-membered ring cyclization being faster than the elimination
reaction so at this point neither pathway can be ruled out.
We hoped that the formation of the five-membered ring styrene derivative could
be avoided in the absence of base. However, subsequent experiments failed to prove
this argument. Even without the addition of base to the reaction, the five-member ring
product 5-53 was still formed in around 20% yield (Scheme 5-27, entry 2 and 3).
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Scheme 5-27. Studies on role of bases in 5-52 oxidation

In subsequent research, we managed to get the trimethoxy substituted sixmembered ring precursor 5-54 in hopes that the more stable styrene radical cation
would avoid the formation of a nitrogen radical or slow the elimination reaction and
in so doing afford the desired six-membered ring cyclization. However, the anodic
oxidation of 5-54 only afforded polymeric products. This would be the result if the
reaction still led to a five-membered ring styrene derivative. The styrene product in
such an event would be electron-rich and undergo oxidation to form a radical cation
with no trapping group. Such scenarios typically lead to polymerization of the radical
cation.
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Scheme 5-28. Attempt on trimethoxyl substituted 5-54 oxidation

5.4 Conclusions and Future Goals
A desire to develop an efficient oxidative route to the chrysosporazine tricyclic
ring skeleton has led to a series of explorations aimed at understanding how one can
circumvent the limitations observed for current anodic routes to C-N bond formation,
namely the requirement for an aryl substituent on the N-atom involved in the
cyclization. Initial reactions were not successful leading to a more fundamental study.
Those studies initially focused on the synthesis of five-membered ring products and
indicated that ring formation not only requires a strongly nucleophilic nitrogen, but
also a system that can avoid overoxidation of the amine product. Attempts to shift the
oxidation away from the nitrogen to the styrene moiety by the placement of electrondonating groups on the aromatic ring of the styrene were not successful. The Nerstian
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shift caused by the cyclization reaction is not large enough to avoid the overoxidation.
This approach had been used for amine-based cyclizations with dithioketene acetal
coupling partners, but the styrene oxidation potential could not be lowered to that
point. The problems can be avoided in the five-membered ring cases with the use of a
sulfonamide group. A tosylated amine can be deprotonated and maintains the strong
nucleophilicity of the initial amine or alternatively can be oxidized to the N-based
radical leading to cyclization. Following that cyclization the electron-withdrawing
group stabilizes the amine lone pair and prevent the overoxidation. While this strategy
works nicely for the synthesis of five-membered rings, it fails when the scope of the
reactions is expanded to include the desired formation of a six-membered ring.
As we move forward, a number of alternatives can be tried. One inspiration
comes from an unpublished result using an imine coupling partner in an anodic
oxidation that is causing us to look back into the imidate strategy. The cyclization
between an imine and dithioketeneacetal has been successfully completed (Scheme 529a). In this case, the Nernstian shift was great enough to lower the oxidation
potential of the substrate below that of the amine product, and the initial product from
the cyclization was an iminium ion, a product that was in equilibrium with the
methoxylated compound shown. In fact, the methoxylated product was not obtained.
Due to equilibration with the iminium ion the deprotected amine was obtained
following workup. Both the Nernstian shift observed and the formation of the
iminium ion prevented overoxidation. With that said, it was clear that the sp2hybridized nitrogen of the imine was compatible with the cyclization. It is difficult to
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imagine why this would not also be the case for the imidate cyclization.
Of course, in that case the problem may well have been overoxidation of a
product ortho amide derivative (see the discussion above). A proposed strategy to
avoid this overoxidation would be to conduct the reactions in water instead of
methanol, a change that has been employed in earlier oxidation reactions involving an
amide substrate.15 In this case the hemi-orthoamide generated after cyclization would
fall apart to an amide, an electron deficient group that would not undergo
overoxidation.

Scheme 5-29a. Cyclization between dithioketeneacetal and imine.

Scheme 5-29b. Proposed new imidate cyclization strategy.
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5.5 Experimental Section

5-17
N-Boc-ethylenediamine 5-16 (480 mg, 3 mmol) in 10 mL DCM with 1.25 mL (9
mmol) triethylamine was placed in a round bottom flask. Then benzoyl chloride (0.42
mL, 3.6 mmol) dissolved in 10 mL DCM was slowly injected and the mixture was
allowed to be stirred at ambient temperature for 4 hours. Then the organic mixture
was washed with water, and dried with MgSO4. DCM was removed under vacuum
and crude product was chromatographed through silica gel using1:1 EtOAc/Hexanes
as eluent to afford benzoylated product 5-17 in 90 % yield.
1

H NMR (DMSO, 300 MHz): δ 8.44 (t, J = 5.2 Hz, 1H), 7.83-7.82 (m, 2H), 7.53-

7.42 (m, 3H), 6.91 (t, J = 5.6 Hz, 1H), 3.27 (q, J = 6.4 Hz, 2H), 3.09 (q, J = 6.0 Hz),
1.36 (s, 9H)

5-18
2N HCl was prepared by adding 0.64 mL concentrated HCl to 37 mL diethyl
ether. Compound 5-17 (711 mg, 2.69 mmol) was dissolved in 40 mL EtOAc and 37.6
mL 2N HCl. The solution was stirred at room temperature for 16 hours during which
time the solution became a white suspension. The mixture was placed under rotary
evaporator until around 80 % of the organic solvent was removed. Then 10 % NaOH
aqueous solution was added dropwise until the solution pH reached 13. The crude
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compound was extracted with EtOAc and dried by MgSO4. The organic solvent was
removed to obtain crude product of 5-18. Crude product was directly used in
subsequent reaction without further purification.
1

H NMR (CD3OD, 300 MHz): δ 7.86 (t, J = 8.5 Hz, 2H), 7.56-7.55 (m, 1H), 7.48

(t, J = 7.5 Hz, 2H) 3.67 (t, J = 5.5 Hz, 2H), 3.17 (t, J = 6.0 Hz, 2H)17

5-19
Compound 5-19 was prepared by assuming that hydrochloride salt of the monobenzoylated ethylenediamine dominated the structure of 5-18. So, access amount of
base was used for the second coupling step. With this in mind, substrate 5-18 (100
mg, 0.5 mmol) and triethylamine (0.56 mL, 4 mmol) were dissolved in 12 mL of
DCM. The solution was then cooled to 0°C before a solution of 4nitrobenzenesulfonyl chloride (163 mg, 0.75 mmol in 4 mL DCM) was injected. The
solution was allowed to rise to room temperature and stirred for 30 minutes. The
solvent in mixture was then removed with a rotary evaporator. The crude product was
placed on silica gel in column with gradient elution. The gradient elution used 1:2
EtOAc/Hexanes with 1 % triethylamine, 1:1 EtOAc/Hexanes with 1 % triethylamine,
and finally 99 % EtOAc with 1 % triethylamine to attain product 5-19 with 64 %
yield.18
1

H NMR (CDCl3, 300 MHz): δ 8.24 (d, J = 8.9 Hz, 2H), 8.01 (d, J = 8.8 Hz, 2H),
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7.70 (m, 2H), 7.52 (m, 1H), 7.43 (t, J = 7.4 Hz, 2H), 6.54 (br, 1H), 5.86 (br, 1H), 3.59
(q, J = 5.5 Hz, 2H), 3.30 (q, J =5.1 Hz, 2H)

5-21
To a solution of 4-methoxy-cinnamic acid 5-20 (1.78g, 10 mmol) in 30 mL
methanol, acetyl chloride (314 mg, 4 mmol) was added dropwise to produce
hydrochloric acid. The temperature was allowed to rise up to 70 ℃ and reaction
mixture was stirred for 6 hours. Then the reaction was cooled down to room
temperature and kept stirred overnight. Solvent was removed in vacuo and the residue
was dissolved in ethyl acetate. The solution was washed with saturated sodium
bicarbonate and dried with sodium sulfate. The crude product was pure enough to be
directly used into subsequent reduction step. The NMR spectrum of the crude product
was consistent with the previously reported data.19
1

H NMR (CDCl3, 500 MHz): δ CDCl3, 7.66 (d, J = 16 Hz, 1H), 7.48 (d, J = 8.6

Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 6.32 (d, J = 16 Hz, 1H), 3.84 (s, 3H), 3.81 (s, 3H).

5-22
Compound 5-21 (768 mg, 4 mmol) was placed in flask under argon.
Tetrahydrofuran (15 mL) was injected into the flask, and then the reaction was placed
in an ice bath. LiAlH4 (5 mL, 1 mmol/mL in THF) was carefully injected into the
solution. The solution was stirred for 20 min before being quenched by the addition of
20 mL of acetone and 0.2 N HCl respectively. The mixture was extracted with ethyl
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acetate for three times and dried with MgSO4. Product 5-22 was isolated by
chromatography through silica gel using diethyl ether: ethyl acetate = 4:1 as eluant
(69 % yield).
1

H NMR (CD3OD, 500 MHz): δ 7.35 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.8 Hz,

2H), 6.55 (d, 15.9 Hz, 1H), 6.23 (dt, J = 15.9 Hz, 5.9 Hz, 1H), 4.21 (dd, J = 5.9 Hz,
1.5 Hz, 2H), 3.80 (s, 3H).

5-23
Reduction of ester 5-21 and bromination of 5-22 were best conducted within a
single day. To a solution of (436 mg, 2.65 mmol) in 10 mL of diethyl ether, a solution
of phosphorus tribromide (717.33 mg, 2.65 mmol) in 5 mL ether was added at 0 ℃.
The reaction was monitored by TLC until most of starting materials disappeared
(about 1 hour). The reaction was then quenched by saturated sodium bicarbonate
aqueous solution, the layers separated, and the aqueous phase being extracted with
ether. The combined organic layer was washed by brine, dried over MgSO4, and
concentrated in vacuo. The crude bromide product was pure enough to undergo
subsequent reaction (74 % crude yield). Chromatography of this product risks
bromide decomposition. So it was avoided. The proton NMR of the crude product
matched the previously reported data.20
1

H NMR (CDCl3, 500 MHz): δ 7.33 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H),

6.60 (d, 1H, 15.5 Hz, 1H), 6.27 (dt, J = 15.7 Hz, 7.9 Hz, 1H), 4.17 (dd, J = 7.8 Hz, 1.0
Hz, 2H), 3.82 (s, 3H)
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13

C NMR (CDCl3, 125 MHz): δ 159.97, 134.37, 128.71, 128.20, 123.13, 114.23,

55.14, 34.30.

5-13
Compound 5-19 (40 mg, 0.115 mmol), bromide 5-23 (26 mg, 0.12 mmol), and
potassium carbonate (80 mg, 0.58 mmol) were added to a round bottom flak and then
dissolved in acetone (2 mL). The reaction was refluxed, and reaction progress was
monitored using TLC. After around 3.5 hours, the reaction was cooled to room
temperature, and the acetone was removed in vacuo. The product 5-13 was purified by
column chromatography with a gradient elution of ethyl acetate:hexanes (with 1%
triethylamine) from 1:4 to 1:2 with 71 % yield.
1

H NMR (CDCl3, 500 MHz): δ 8.30 (d, J = 8.9 Hz, 2H), 8.01(d, j = 8.9 Hz, 2H),

7.79 (m, 2H), 7.51 (m, 1H), 7.41 (m, 2H), 7.17 (d, J = 8.6 Hz, 2H), 6.81 (d, J = 8.71
Hz, 2H), 6.79 (br, 1H), 6.47 (d, J = 15.75 Hz, 1H), 5.80 (dt, J = 15.75 Hz, 6.96 Hz,
1H), 4.10 (d, J = 6.96 Hz, 2H), 3.80 (s, 3H), 3.67 (dt, J = 11.1 Hz, 5.6 Hz, 2H), 3.48
(t, 5.6 Hz, 2H).
13

C NMR (CDCl3, 125 MHz): δ 167.78, 159.99, 150.15, 145.59, 135.27, 133.98,

131.83, 128.76, 128.55, 128.31, 127.92, 127.08, 124.60, 119.81, 114.29, 55.47, 51.36,
46.78, 38.70.
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IR (neat, cm-1) 3319, 2008, 1638, 1526, 1343, 1311, 1248, 1156, 1086, 1030. ESI
HRMS m/z (M+Na)+: 464.59

5-27
4-Amino-1-butanol 5-26 (2 g, 22.44 mmol), dichloromethane (100 mL), and
triethylamine (8.5 mL) were added in a round bottom flask. Benzoyl chloride (3.15 g,
22.44 mmol) was dissolved in 20 mL DCM and the solution was injected dropwise
into the reaction flask. The mixture was stirred overnight and then quenched by
adding a saturated sodium bicarbonate aqueous solution. The layers were separated,
and the organic layer was extracted with DCM for three times. The combined organic
layer was dried over MgSO4, the solvent removed using a rotary evaporator, and the
product 5-27 carried on without further purification (97 %). The proton NMR of the
crude product matched the previously reported data.21
1

H NMR (CDCl3, 500 MHz): δ 7.75 (d, J = 8.0 Hz, 2H), 7.45 (t, J = 7.0 Hz, 1H),

7.37 (t, J = 7.5 Hz, 2H), 6.93 (br, 1H), 3.66 (t, J = 6.0 Hz, 2H), 3.44 (m, 1H), 2.87 (br,
1H), 1.65 (tt, J = 6.0, 6.5 Hz, 1H)
IR (neat, cm-1) 2151, 1627, 1536, 1342, 1058. ESI HRMS m/z (M+Na)+:
216.0997

5-28
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Oxalyl chloride (3.81 g, 30 mmol) was placed in a protected round bottom flask
under argon along with 80 mL of dichloromethane at -78 ℃. Methylsulfonylmethane
(DMSO, 5 mL, 70 mmol) in 16 mL of DCM was then carefully injected over 20
minutes. Five minutes after injection, a solution of 5-27 (3.10 g, 16 mmol) in 20 mL
DCM was added over a period of 20 minutes. The mixture was stirred at -78℃ for
another one hour before 14 mL of triethylamine was added. The reaction was warmed
to room temperature and quenched by brine solution. The layers were separated and
the aqueous phase was extracted with DCM for three times. The organic layers were
then dried over MgSO4 and concentrated in vacuo. The aldehyde product 5-28 was
chromatographed through silica gel using 1:2 ethyl acetate: hexanes as eluant to
afford product (42 %).
1

H NMR (CDCl3, 500 MHz): δ 9.83 (s, 1H), 7.77 (d, J = 7.8 Hz, 2H), 7.50 (m,

1H), 7.42 (m, 2H), 3.49 (m, 6.5 Hz, 2H), 2.63 (t, J = 6.8 Hz, 2H), 1.97 (m, 2H).
13

C NMR (CDCl3, 125 MHz): δ 202.26, 167.73, 134.13, 131.64, 128.74, 126.98,

41.95, 39.77, 21.99.
IR (neat, cm-1) 3324, 2952, 1720, 1615, 1576, 1536, 1489, 1306, 1180. ESI
HRMS m/z (M+Na)+: 214.0839
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5-24, 5-30
Benzyltriphenylphosphonium bromide (4.33 g, 10 mmol, or corresponding
phosphonium salt) was placed in a round bottom flask under argon along with 20 mL
of THF at 0 ℃. 2.5 M n-Butyllithium (4 mL, 10 mmol) was added dropwise, and the
mixture was stirred for 30 minutes. Then 5-28 (0.98 g, 5.13 mmol) in 8 mL of THF
was added over 15 minutes before the reaction was raised to room temperature and
stirred overnight. The reaction was quenched with an aqueous saturated sodium
chloride solution, the layers were separated, and the aqueous phase was extracted with
ethyl acetate for three times. The combined organic layer was dried over MgSO4,
concentrated in vacuo, and the crude product chromatographed through silica gel
using 1:4 ethyl acetate:hexanes as eluant to afford ~70 % of product 5-24.
R = H: 1H NMR (CDCl3, 300 MHz): δ 7.74 (m, 1.1H), 7.60 (m, 0.9H), 7.48 (m,
0.9H), 7.39 (m, 1.7H), 7.35~7.19 (m, 5.4H), 6.52 (d, J = 11.24 Hz, 0.45H), 6.45 (d, J
= 15.86 Hz, 0.55H), 6.25(dt, J = 15.86 Hz, 7.30 Hz, 0.55H), 6.19 (br, 0.45H), 5.98
(br, 0.55H), 5.69 (dt, J = 11.24 Hz, 7.35 Hz, 0.45H), 3.54 (m, 1.10H), 3.46 (m, 0.9H),
2.45 (m, 0.9H), 2.34 (m, 1.1H), 1.83 (m, 1.1H), 1.77 (m, 0.9H). ESI HRMS m/z
(M+Na)+ 288.1414
R = OMe: 1H NMR (CDCl3, 500 MHz): δ 7.74 (m, 1H), 7.61 (m, 1H), 7.48 (m,
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1H), 7.42 (m, 2H), 7.28 (m, 1H), 7.22 (m, 1H), 6.86 (m, 2H), 6.46 (d, J = 11.5 Hz,
0.5H), 6.38 (d, J =15.9 Hz, 0.5H), 6.25 (br, 0.5H), 6.11 (m, 0.5H), 6.03 (br, 0.5H),
5.60 (m, 0.5H), 3.81 (s, 1.5H), 3.81 (s, 1.5H), 3.54 (m, 1H), 3.47 (m, 1H), 2.45 (m,
1H), 2.33 (m, 1H), 1.79 (m, 2H)
13

C NMR (CDCl3, 125 MHz): δ 167.53, 158.98, 158.50, 134.86, 134.79, 131.46,

131.42, 130.42, 130.25, 130.22, 130.07, 129.59, 129.58, 128.67, 128.61, 127.70,
127.24, 126.95, 126.91, 114.10, 113.86, 55.45, 55.37, 39.99, 39.34, 30.85, 29.53,
29.49, 25.64.
IR (neat, cm-1) 3288, 2933, 1633, 1603, 1541, 1509, 1244, 1174. ESI HRMS m/z
(M+H)+: 296.1658

5-36
Compound 5-35 (7.4 g, 50 mmol) and triphenylphosphine (13.11 g, 50 mmol)
were dissolved in 125 mL of toluene. The reaction was refluxed at 130 ℃ for 24
hours, and then the mixture cooled to room temperature. A white precipitate 5-36 was
removed by filtration and washed with hexanes. The salt was used in the subsequent
Wittig reaction without further purification.

5-37
- 153 -

Amount of substrate was recorded based on 5-37a. Phosphonium 5-36 (2.05 g, 5
mmol) and 4-methoxybenzyl aldehyde (5 mmol) was placed in a flask with 40 mL
THF at 0 ℃. Then an access amount of sodium hydride (60 % in oil, 600 mg, 15
mmol) was added to the reaction and the mixture was stirred at room temperature for
16 hours. The reaction was then quenched with ice and water respectively, the layers
were separated, and the aqueous layer was washed with diethyl ether for three times.
The combined organic layer was dried with MgSO4 and solvent was removed in
vacuo. And target product 5-37 was isolated by column chromatography using a
gradient eluent starting from 1:10 to 1:4 ethyl acetate: hexanes. 83 % of desired
product was able to be isolated.
5-37a: 1H NMR (CDCl3, 300 MHz): δ 7.18 (d, J = 8.73 Hz, 2H), 6.89 (d, J = 8.74
Hz, 2H), 6.54 (d, J = 11.5 Hz, 1H), 5.55 (dt, J = 11.61 Hz, 7.11 Hz, 1H), 3.82 (s, 3H),
2.68 (q, J = 7.2 Hz, 2H), 2.44 (t, J = 7.28 Hz, 2H).
5-37b: 1H NMR (CDCl3, 300 MHz): δ 6.56 (d, J = 11.5 Hz, 1H), 6.46 (s, 2H),
5.61 (dt, J = 11.4 Hz, 7.2 Hz, 1H), 3.86 (s, 6H), 3.86 (s, 3H), 2.68 (m, 2H), 2,46 (m,
2H).
13

C NMR (CDCl3, 125 MHz): δ 153.25, 137.51, 132.49, 132.27, 127.42, 119.31,

105.98, 61.06, 56.33, 24.65, 17.74. ESI HRMS m/z (M+Na)+: 270.1105

5-32
Amount of substrate was recorded based on 5-32a. 2 mL of diethyl ether and
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lithium aluminum hydride (50 mg, 1.33 mol) were placed in flask under argon at 0 ℃.
A solution of 5-37a (100 mg, 0.53 mmol) in 1 mL of diethyl ether was added then
added to the flask, and the reaction was stirred for 15 minutes before it was warmed to
room temperature. The reaction was allowed to stir for another 90 minutes at room
temperature before it was quenched by the addition of wet diethyl ether and 1 M
NaOH aqueous solution respectively. This mixture was stirred for another 30 minutes,
and the resulting precipitate was filtered out. The filtrate was dried with MgSO4 and
product 5-32 was purified by chromatography using methanol and dichloromethane as
developing solution (gradient elution from 100% DCM, then 1:9 methanol: DCM, and
1:1 methanol: DCM). Product was fully characterized after next synthetic step.(yield:
70% ~ 75%)
1

H NMR (CDCl3, 300 MHz): δ 7.21 (d, J = 8.62 Hz,2H), 6.86 (d, J = 8.7 Hz, 2H),

6.36 (d, J = 11.56 Hz, 1H), 5.56 (dt, J = 11.60 Hz, 7.21 Hz, 1H), 2.71 (t, J = 7.06 Hz,
2H), 2.26 (m, 2H), 1.60 (m, 2H), 1.27 (br, 2H). ESI HRMS m/z (M+H)+: 192.1387

5-39
Amine 5-32 (342 mg, 1.36 mmol) and triethylamine (0.54 mL) were dissolved in
10 mL of dichloromethane. A solution of benzoyl chloride (192 mg, 1.36 mmol) in 5
mL of DCM was injected into the solution. The reaction was stirred overnight and
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then quenched with water. The layers were separated, and then the aqueous layer was
washed with DCM. The combined organic layer was dried by MgSO4 and solvent was
removed by rotary evaporator. The residue was purified through column
chromatography (eluent: 1:4 ethyl acetate: hexanes) to obtain amide 5-39 in 84%
~90% yield.
1

H NMR (CDCl3, 500 MHz): δ 7.63 (m, 2H), 7.47 (m, 1H), 7.40 (m, 2H), 6.49 (s,

2H), 6.43 (d, J = 11.7 Hz, 1H), 5.65 (dt, J = 11.5 Hz, 7.3 Hz), 3.84 (s, 3H), 3.82 (s,
6H), 3.48 (m, 2H), 2.47 (m, 2H), 1.78 (m, 2H).
13

C NMR (CDCl3, 125 MHz): δ 167.6, 153.2, 137.2, 134.7, 133.1, 131.5, 131.4,

130.1, 128.7, 126.8, 106.1, 61.0, 56.3, 39.5, 29.6, 25.9.
IR (neat, cm-1) 3333, 2935, 1736, 1637, 1578, 1536, 1505, 1450, 1401, 1328,
1234, 1183, 1122. ESI HRMS m/z (M+Na)+: 378.1680

5-40a
Imidate 5-40a was prepared by playing 5-39 (63 mg, 0.178 mmol) in a round
bottom flask under argon. One mL of dichloromethane and trifluoromethanesulfonate
(44 mg, 0.266 mmol) was injected into the flask respectively. The mixture was stirred
at room temperature for three days. Then triethylamine (54 mg, 0.07 mmol) was
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added, and the mixture was stirred for another 30 minutes. The solvent was then
directly extracted till nearly 80% of solvent was removed and the residue was placed
on column chromatography with a developing eluent of 1:9 ethyl acetate: hexanes to
attain target product in 62 % yield.
1

H NMR (CDCl3, 500 MHz): δ 7.39 (m, 3H), 7.30 (m, 2H), 6.47 (s, 2H), 6.31 (d,

J = 11.6 Hz, 1H), 5.60 (dt, J = 11.6 Hz, 7.3 Hz, 1H), 3.84 (s, 3H), 3.82 (s, 6H), 3.76
(s, 3H), 3.32 (t, J = 7.0 Hz, 2H), 2.36 (m, 2H), 1.72 (m, 2H).
13

C NMR (CDCl3, 125 MHz): δ 153.00, 136.97, 133.50, 132.57, 132.50, 129.49,

129.09, 128.42, 127.96, 106.10, 61.03, 56.21, 53.01, 49.67, 32.33, 26.61.
IR (neat, cm-1) 3002, 2937, 2834, 1670, 1578, 1505, 1448, 1401, 1328, 1271,
1235, 1195, 1121. ESI HRMS m/z (M+H)+: 370.2018

5-48
To a solution of amine 5-38 (0.142 g, 0.56 mmol) in 10 mL of DCM was added
0.3 mL of triethylamine. To this mixture was added a solution of p-toluenesulfonyl
chloride (114 mg, 0.6 mmol, dissolved in 2 mL DCM) and the reaction allowed to stir
at room temperature for 2 hours. The solvent was removed, and the crude residue was
placed chromatographed through silica gel using 1:2 ethyl acetate: hexanes with 1%
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triethylamine as eluant to afford pure tosyl amine 5-48 in 68 % yield.
1

H NMR (CDCl3, 500 MHz): δ 7.70 (d, J = 8.3 Hz, 2H), 7.27 (d, J = 7.7 Hz, 2H),

6.43 (s, 2H), 6.36 (d, J = 11.6 Hz, 1H), 5.51 (J = 11.6 Hz, 7.2 Hz, 1H), 3.85(s, 3H),
3.83 (s, 6H), 2.95 (m, 2H), 2.41 (s, 3H), 2.34 (m, 2H), 1.62 (m, 2H).
13

C NMR (CDCl3, 125 MHz): δ 153.08, 143.50, 137.13, 137.08, 133.00, 130.83,

130.11, 129.81, 127.12, 106.02, 61.02, 56.25, 42.91, 29.95, 25.77, 21.62.
IR (neat, cm-1) 3278, 2936, 1579, 1505, 1451, 1325, 1235, 1155, 1122. ESI
HRMS m/z (M+Na)+: 428.1501

5-49
RVC anode and platinum cathode was prepared and fixed into thermometer
adaptor and placed into flask. Tosyl protected amine 5-48 (61 mg, 0.15 mmol) and
tetraethylammonium p-toluenesulfonate (150 mg, 0.5 mmol) was placed in flask
under Ar protection. 5 mL of methanol and n-butyllithium (2.5 M, 0.1 mmol, 0.04
mL) was injected respectively. 2.2 F/mol of charge was allowed to pass through the
cell in 6 mA. And cyclized product 5-49 was isolated in 74 % yield through column
chromatography with the aid of 30% ethyl acetate in hexanes with 1% of
triethylamine.
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1

H NMR (CDCl3, 500 MHz): δ 7.77 (d, J = 8.3 Hz, 0.65H), 7.73 (d, J = 8.3 Hz,

1.35H), 7.33 (d, J = 8.6 Hz, 0.65H), 7.30 (d, J = 8.0 Hz, 1.65H), 6.70 (s, 0.65H), 6.56
(s, 1.35H), 4.74 ( d, J = 2.3 Hz, 0.67H), 4.72 (d, J = 4.6 Hz, 0.33H), 4.03~3.98 (s,
0.35H), 3.88 (s, 4H), 3.87 (s, 2H) 3.86 (s, 1H), 3.85 (s, 2H), 3.74 (m, 0.65H), 3.49
~3.44 (m, 0.9H), 3.41 (s, 1H), 3.37 (s, 2H), 3.31~3.27 (m, 0.9H), 2.95~2.93 (dd, J =
7.8 Hz, 5.7 Hz, 0.7H), 2.44 (s, 1H), 2.42 (s, 2H), 2.05~1.79 (m, 1.70H), 1.47~1.12 (m,
2.00H), 0.77~0.68 (m, 0.30H)
13

C NMR (CDCl3, 125 MHz): δ 153.53, 153.12, 143.61, 143.50, 137.45, 137.24,

135.60, 135.24, 134.52, 132.89, 129.83, 129.80, 127.62, 127.53, 104.74, 103.22,
85.73, 84.21, 65.90, 62.88, 61.05, 60.96, 58.31, 57.73, 56.36, 56.33, 49.88, 49.30,
25.93, 25.22, 25.10, 23.93, 21.66, 21.63.
IR (neat, cm-1) 3001, 2939, 2835, 2244, 1578, 1505, 1452, 1402, 1330, 1235,
1121, 1002. ESI HRMS m/z (M+Na)+: 458.1611

5-60
Preparation of 5-60 followed similar procedures as 5-37. Amount of substrate was
recorded based on 5-60a. Phosphonium salts (4.67 g, 11 mmol) and benzaldehyde
(1.06 g, 10 mmol) was placed in a flask with 40 mL THF at 0 ℃. Then an access
amount of sodium hydride (60 % in oil, 880 mg, 22 mmol) was added to the reaction
and the mixture was stirred at room temperature for 16 hours. The reaction was then
quenched with ice and water respectively, the layers were separated, and the aqueous
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layer was washed with diethyl ether for three times. The combined organic layer was
dried with MgSO4 and solvent was removed in vacuo. And target product 5-60 was
isolated by column chromatography using a gradient eluent starting from 1:10 to 1:4
ethyl acetate: hexanes. 92 % of desired product was able to be isolated.
5-60a 1H NMR (CDCl3, 500 MHz): δ 7.37~7.24 (m, 5H), 6.53 (d, J = 11.6 Hz,
1H), 5.60 (dt, J = 11.6 Hz, 7.2 Hz, 1H), 2.48 (m, 2H), 2.34 (m, 2H), 1.81 (m, 2H).
13

C NMR (CDCl3, 125 MHz): δ 137.14, 131.12, 129.83, 128.77, 128.42, 127.06,

119.62, 27.56, 25.81, 16.82.
5-60b 1H NMR (CDCl3, 500 MHz): δ 6.46 (s, 2H) 6.45 (d, 1H, covered by
adjacent peak), 5.55 (dt, J = 11.7 Hz, 7.2 Hz, 1H), 3.86 (s, 6H), 3.85 (s, 3H), 2.50 (m,
2H), 2.36 (m, 2H), 1.82 (m, 2H).
13

C NMR (CDCl3, 125 MHz): δ 153.18, 137.34, 132.79, 131.15, 129.47, 119.58,

106.05, 61.06, 56.31, 27.63, 25.77, 16.87.

5-52, 5-54
Synthesis of 5-52 from 5-60 was similar to the procedure mentioned in 5-32 and
5-48 preparation. Amount of substrate was recorded based on 5-52. LiAlH4 (494 mg,
13 mmol) was placed in diethyl ether (20 mL) under argon protection. The solution
was cooled to 0 ℃, and 5-60 (1.075 g, 6.28 mmol) was injected to the reactor and the
reaction was allowed to rise to room temperature and was kept stirred for 3 hours.
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Then the reaction was quenched by wet ether and ice. The precipitate was isolated
through Buchner funnel, and the organic layer was collected and dried with MgSO4.
Solvent was removed under vacuo and crude amine was pure enough to undergo
subsequent tosylation. Amine (1001mg, 5.71 mmol) was placed in DCM (40 mL) and
triethylamine (2.5 mL, 18 mmol) was added into the solution. p-Toluenesulfonyl
chloride solution (1.089 g, 5.71 mmol in DCM) was slowly added into the solution
and result mixture was allowed to be stirred for 2 hours. The solvent was removed,
and the crude residue was placed chromatographed through silica gel using 1:2 ethyl
acetate: hexanes with 1% triethylamine as eluant to afford pure tosyl amine.(59% for
two steps)
5-52a 1H NMR (CDCl3, 500 MHz): δ 7.72 (d, J = 8.3 Hz, 2H), 7.33~7.21 (m,
7H), 6.41 (d, J = 11.6 Hz, 1H), 5.55 (dt, J = 11.6 Hz, 7.2 Hz, 1H), 4.38 (br, 1H), 2.92
(m, 2H), 2.42 (s, 3H), 2.27 (m, 2H), 1.51~1.40 (m, 4H).
13

C NMR (CDCl3, 125 MHz): δ 143.50, 137.63, 137.10, 132.13, 129.83, 129.56,

128.82, 128.29, 127.22, 126.72, 43.19, 29.32, 28.02, 26.91, 21.66.
IR (neat, cm-1) 3278, 3008, 2932, 2863, 1598, 1494, 1446, 1321, 1153. ESI
HRMS m/z (M+Na)+: 352.1345
5-52b 1H NMR (CDCl3, 500 MHz): δ 7.73 (d, J = 8.3 Hz, 2H), 7.30 (d, 7.7 Hz,
2H), 6.36 (d, J = 11.6 Hz, 1H), 5.53 (dt, J = 11.6 Hz, 7.2 Hz, 1H), 3.86 (2s, 9H), 2.94
(m, 2H), 2.32 (m, 2H), 1.52~1.45 (m, 4H).
13

C NMR (CDCl3, 125 MHz): δ 153.06, 143.56, 137.07, 133.27, 131.80, 131.49,
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129.85, 129.61, 127.20, 106.09, 61.06, 56.27, 43.21, 29.45, 28.16, 26.95, 21.66.
IR (neat, cm-1) 3274, 2003, 2936, 2864, 2836, 1579, 1505, 1451, 1402, 1325,
1235, 1156, 1123. ESI HRMS m/z (M+Na)+: 442.1655

5-53
RVC anode and platinum cathode was prepared and fixed into thermometer
adaptor and placed into flask. Tosyl protected amine 5-52 (66 mg, 0.2 mmol) and
tetraethylammonium p-toluenesulfonate (150 mg, 0.5 mmol) was placed in flask
under Ar protection. 6 mL of methanol and n-butyllithium (2.5 M, 0.1 mmol, 0.04
mL) was injected respectively. 2.2 F/mol of charge was allowed to pass through the
cell in 6 mA. And cyclized product 5-53 was isolated in 22 % yield through column
chromatography with the aid of 10 % ethyl acetate in hexanes with 1% of
triethylamine.
1

H NMR (CDCl3, 600 MHz): δ 7.38~7.24 (m, 7H), 7.09 (d, J = 7.9 Hz, 2H), 6.55

(d, J = 11.8 Hz, 1H), 5.76 (dd, J = 11.5 Hz, 9.3 Hz, 1H), 4.29 (m, 1H), 3.51 (m, 1H),
3.26 (m, 1H), 3.26 (s, 3H), 1.98 (m, 1H), 1.87 (m, 1H), 1.80 (m, 1H)
13

C NMR (CDCl3, 150 MHz): δ 143.18, 137.01, 133.58, 129.47, 129.45, 128.89,

128.37, 127.73, 127.54, 127.09, 57.35, 49.62, 34.06, 24.24, 21.61.
IR (neat, cm-1) 3028, 2929, 2872, 1723, 1597, 1493, 1447, 1340, 1154. ESI
HRMS m/z (M+Na)+: 350.1202
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Chapter 6. Electrosynthesis of pyridoindolobenzazepine precursors
6.1 Abstract
Indolobenzaepine scaffolds have long served as analgesics for the potential
treatment of anxiety, depression, schizophrenia, migraines, addiction, pain, irritable
bowel syndrome, etc.1 An early successful synthetic exploration on these moleclues
allowed for the production of various derivatives of the core ring system as part of a
drug discovery effort.2 However, a low conversion rate for the reductive conversion
of a nitroso moiety to a hydrazine in this synthetic pathway has remained a barrier to
further advancement of the science. With this in mind, a mild, rate-controllable
electrochemical method for the reduction was developed in order to significantly
increase the efficiency of overall synthetic strategy. The pH of the reaction was found
to play an important role in this electrochemical process with the pH of the reaction
controlling the nature of the product generated. Once a base set of reaction conditions
was established, the substrate scope of the process was extended.

6.2 Background
The structure of pyridoindolobenzazepine and the conventional synthetic route
used for its construction is shown in Scheme 6-1. The synthetic route is illustrated
from the construction of analog 6-1b which was made from hydrodibenzazepine 6-2.
In this route, the nitroso moiety was installed by treating the substrate with sodium
nitrite and acid to achieve what can be viewed as an incomplete diazotation process
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(when compared with the Sandmeyer reaction). The resulting nitroso compound 6-3
was then reduced with Zn-powder and the result hydrazine derivative immediately
condensed with piperidone 6-4 to give the hydrazine derivative 6-5. The target
pyridoindolobenzazepine 6-1b was then assembled by Fischer indole synthesis.

Scheme 6-1. Pyridoindolobenzaepine structures and synthetic route.

- 167 -

While the overall route worked well, the reduction of nitroso compound 6-3 to
attain 6-5 in the presence of zinc proved problematic. It is found that nitrogennitrogen bond cleavage during the reduction to give back the initial
hydrodibenzazepine 6-2 dominated the reduction process instead of the desired
reaction pathway (Scheme 6-2). Although side product 6-2 was able to be recycled
and reused to afford substrate again, the yield of the desired product was low leading
to an inefficient process. Typically, conversion to the desired product varied from 9 %
to 40 %.
This lack of chemoselectivity during reduction prompted us to examine methods
for differentiating between the nitroso reduction from hydrazine cleavage pathways.
In this context, an electrochemical reduction process was of great interest because
such reactions can be used to tune the rate of the reduction reaction and operate at a
constant, preset pH. Both items are more difficult to achieve with a chemical
reductant.

Scheme 6-2. Conventional chemical reduction of nitroso compound 6-3.
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6.3 Results and discussions
The mechanism of denitrosation that was initially proposed as is outlined in
Scheme 6-3. Denitrosated product was presumed to be furnished by protonation of
nitroso derived intermediates on the amine of the tricyclic system followed by an
elimination of nitrous oxide to form compound 6-2. The resulting Zn(I) species would
go on to reduce another starting material. Our thought was that if the pH of the
reaction were lowered, then protonation of the amine would be avoided slowing the
elimination and providing time for full reduction to the desired hydrazine. The alcohol
solvent would be sufficiently acid to protonate the intermediates generated during that
process. With this in mind, the first attempt at an electrochemical reaction aimed at
decreasing the concentration of proton to suppress the denitrosation. Thus, the
eletroreduction was carried out in the presence of methanol in the absence of acetic
acid. A Zinc anode was used as sacrificial anode to generate zinc ions in solution. This
was done in case the zinc ions were important in terms of activating the N=O bond for
reduction in the original process. Pb was selected as cathode to minimize the
hydrogen evolution reaction. Using these conditions, no desired hydrazine product
was obtained. Instead, the reaction led to a very nice 83% yield of the unwanted side
product 6-2. Clearly, removing protons was the wrong direction. Clearly, protonation
steps are required for the desired pathway and if these steps are too slow, then it
appears that fragmentation of the N-N bond might occur to give a more stable,
resonance stabilized nitrogen anion before protonation.
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Scheme 6-3. Initial proposed denitrosation mechanism and attempt in pH neutral
solvent

With this discovery, we thought it best to first mimic the chemical reduction with
the electrochemical process using a few changes as possible. Thus, the next
electrolysis was handled by keeping all the reaction conditions unchanged except for
the replacement of the zinc powder in the chemical reaction with the electrochemical
reduction. This attempt afforded 50 % of target imine product 6-5 and 28 % of side
product 6-2 (Scheme 6-4). The conversion rate towards target precursor was far
beyond expectation considering only 34 % product was made from this substrate
using the chemical reduction strategy. Inspired by this result, the amount of acetic
acid was varied in an effort to optimize the reaction further leading to a 58 % isolated
yield of the desired hydrazine product.
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Scheme 6-4. Optimization on concentration of acid.
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Either a decrease or an increase in the amount of acetic acid used led to more of
the undesired side reaction, an observation that suggested that the relative timing of
the protonation and reduction steps might be critical for the desired pathway. If the
reaction is too acidic, then protonation of the ring-based nitrogen leads to
fragmentation. If the reaction is not acid enough, then fragmentation of the unstable
reduction intermediates occurs before protonation. A complete circumvention of the
fragmentation process was impossible using the direct electrochemical reduction
(with direct being reduction at the cathode without a catalyst). Based on these
arguments, the mechanism of both nitroso reduction and elimination process are
demonstrated in Scheme 6-5.

- 171 -

Scheme 6-5. Revised proposed mechanism of reduction process

If the timing of the reduction and protonation steps is critical, then the yield of the
reaction might also be dependent on the rate of the reduction reaction. That rate can
be varied with current density. Hence, the current density of the reaction was varied
(Scheme 6-6). This led to a further optimization of the yield to 67 % yield of the
desired product. Once again, a balance was needed with the yield for the desired
process dropping if the reaction was run at either faster or slower rates for the
reduction.
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Scheme 6-6. Current density variation
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Another attempt was made at forwarding the desired pathway by adding oxygen
scavengers to the reaction. It was hoped that by making the oxygen a better leaving
group, we could favor cleavage of the N-O bond relative to the N-N bond (Scheme 67). Neither of these efforts proved successful with both the use of acetic anhydride
and trimethylsilyl chloride (the common activating group for the reduction of
phosphine oxides) leading to substrate decomposition.

Scheme 6-7. Failed exploration on introducing oxygen trapping reagent
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With a standard set of conditions in place, the scope of the electrochemical
reduction process was then extended (Scheme 6-8). This part of work was coordinated
with our collaborator, Dr. Raghavan Rajagopalan, in order to focus on molecules of
interest for their application. It was discovered that for certain derivatives such as 65d and 6-5e, the optimized pH needed to be adjusted, something that was not a
surprise given the careful balance of rates needed. For these substrates, the reactions
benefited from a pH greater than 7, a value that was obtained using an ammonium
carbonate/ammonium hydroxide buffer. It does appear that the reactions will require
tweaking to account for changes in substrate, but that the re-optimization process is
straight forward with pH and current density both being simple to adjust.

Scheme 6-8. Scope extension of nitroso electro-reduction process
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6.4 Conclusions and Future Work
While both nitroso reduction and N-N bond fragmentation pathways are always
present in the reactions studied, the relative rates of the two pathways can be adjusted
by controlling the pH and current density of the electrolysis reaction. As a first
"guess", it appears that increasing amount of proton accelerates the N-N
fragmentation reaction while the lack of sufficient protons suppresses the desired
pathway leading to N-N fragmentation. Adjusting the rate of the reduction reaction to
match the proper choice of pH in the reactions does lead to improved optimization.
The optimized condition varies from one substrate to another. This requires a
method to vary pH and current density. Current density is easy. For variation of pH,
the use of a buffer solution for the electrolysis works nicely. Meanwhile, the
possibility to investigate a new pathway should not be ignored. Electrocatalysts can
change the course of an electrolysis reaction by favoring cleavage of one bond
relative to another. For example, the change of an electrocatalyst during the reduction
of carbon dioxide can lead to everything from the formation of carbon monoxide to
alkyl alcohol of varying chain length. It is possible that an electrocatalyst can be
found that prefers cleavage of the N-O bond in this family of substrates. It should also
be noted that the nature of the sacrificial anode can be changed as well. The Sevov
group (see Chapter 4) showed the advantages of Al for the reduction of
triphenylphosphine oxide because the Al-ions generated helped activate the P=O for
reduction by binding the oxygen. Perhaps, a similar change might benefit the current
reactions as well.
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6.5 Experimental Session
Nitroso substrate (0.25 mmol), tetrabutylammonium tetrafluoroborate (66 mg, 0.2
mmol), and piperidone (6-4) (31 mg, 0.275 mmol) were dissolved in solvent (MeCN
4.4 mL + AcOH 0.1 mL) in a three necked round bottom flask. A zinc anode and lead
cathode were then introduced into the flask using a thermometer adapter. The reaction
was then purged with Ar and cooled to 0 oC before passing 4.2 F/mol of charge
through the cell at the rate of 4 mA. When the reaction was complete, 3 mL of 10%
NaOH aqueous solution was carefully added, and then the mixture was diluted with
water and extracted by ethyl acetate (three times). The combined organic layer was
washed with brine and dried by Na2SO4. Solvent was removed by rotary evaporator to
obtain crude compound which was then chromatographed through a silica gel column
to afford the target imine (eluent 99 % EA + 1 % triethylamine).
All the nitroso and hydrazine compounds were previously synthesized and fully
characterized by our collaborator, Dr. Raghavan Rajagopalan and our reported NMR
matched their previously reported data.1

6-2
1

H NMR (CDCl3, 500 MHz): δ 7.06 (m, 4H), 6.75 (m, 4H), 4.76 (br, 1H), 3.09 (s,

4H).
13

C NMR (CDCl3, 125 MHz): δ 142.52, 130.81, 128.75, 126.95, 119.57, 117.97,
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35.04.

6-5
1

H NMR (CDCl3, 500 MHz): δ 7.47 (dd, J = 8.6 Hz, 1.3 Hz, 2H), 7.09 (m, 4H),

6.91 (m, 2H), 3.19 (s, 4H), 2.66 (m, 2H), 2.61 (m, 2H), 2.28 (s, 3H), 2.28 (m, 4H).
13

C NMR (CDCl3, 125 MHz): δ 167.15, 150.06, 131.38, 129.98, 126.77, 122.73,

119.38, 55.88, 54.34, 45.96, 34.84, 32.35, 30.42.

6-5e
1

H NMR (CDCl3, 500 MHz): δ 7.34 (m, 1H), 7.24~7.16 (m, 2H), 7.09 (m, 1H),

7.01 (m, 2H), 6.91 (m, 2H), 4.51 (s, 2H), 2.62 (m, 4H), 2.55 (m, 2H), 2.41 (m, 2H),
2.32 (s, 3H).
13

C NMR (CDCl3, 125 MHz): δ 170.58, 156.26, 147.82, 143.10, 129.22, 128.68,

126.62, 124.65, 123.52, 122.93, 121.68, 120.41, 119.69, 58.71, 56.11, 54.77, 45.91,
34.71, 29.69.
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